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•  Sequential  development  of  high  intensity  CDC  combustor  from  5  to  453  MW/m3  atm. 
.  Ultra  low  NO  and  CO  demonstrated  at  thermal  intensity  of  340  MW/m3  atm. 

•  Proper  positioning  of  reaction  zone  is  critical  for  low  NO  and  CO  emission. 

.  Residence  time  distribution  governs  CO  emissions  at  same  thermal  intensity. 

•  Enhanced  mixing  in  cross  flow  with  low  NO  emission. 
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This  paper  examines  the  development  of  ultra-low  emission  colorless  distributed  combustion  (CDC)  for 
gas  turbines,  operating  at  thermal  intensity  in  the  range  of  5-453  MW/m3  atm.  Higher  thermal  intensity 
combustors  are  desirable  for  increased  performance  with  minimal  increase  in  hardware  costs  in  terms  of 
both  weight  and  volume  of  gas  turbine  combustors.  Most  land  based  gas  turbine  combustors  operate  at 
thermal  intensity  of  about  15  MW/m3  atm  but  operation  at  higher  intensity  can  provide  increased  perfor¬ 
mance.  Design  of  high  thermal  intensity  CDC  combustor  requires  control  of  critical  parameters,  such  as 
gas  recirculation,  fuel/oxidizer  mixing,  air  preheats,  and  residence  time  distribution  characteristics  via 
proper  selection  of  different  air  and  fuel  injection  configurations  to  achieve  desirable  combustion  char¬ 
acteristics.  Initially,  various  flow  field  configurations  were  investigated  at  a  low  thermal  intensity  of 
5  MW/m3  atm.  This  effort  was  followed  by  investigations  at  higher  thermal  intensity  ranges  of  20- 
40  MW/m3  atm  by  reducing  the  combustor  volume  for  a  forward  flow  configuration  under  more  favor¬ 
able  novel  non-premixed  conditions.  Further  investigations  were  performed  for  a  simpler  combustor  hav¬ 
ing  single  injection  ports  for  air  and  fuel  with  detailed  investigation  of  various  flow  field  configurations 
performed  at  a  thermal  intensity  of  28  MW/m3  atm.  Further  reduction  in  combustion  volume  resulted  in 
thermal  intensity  of  57  MW/m3  atm.  For  the  flow  configurations  investigated,  reverse  cross-flow  config¬ 
uration  was  found  to  give  more  favorable  results  with  air  injected  from  exit  end  and  fuel  injected  in  a 
cross-flow  direction  to  the  air  flow.  This  reverse  cross-flow  geometry  was  investigated  in  detail  by  further 
reducing  the  combustor  volume.  Air  injection  diameter  was  increased  to  reduce  the  pressure  drop  across 
the  combustor.  The  combustor  was  investigated  at  thermal  intensity  in  the  range  of  53-85  MW/m3  atm. 
This  geometry  resulted  in  4  ppm  NO  emission  and  CO  emissions  of  about  27  ppm  under  novel  non-pre¬ 
mixed  flow  conditions  at  thermal  intensity  of  53  MW/m3  atm.  The  pressure  drop  at  this  operational  point 
was  less  than  5%  to  meet  the  conventional  combustor  requirements.  Further  reduction  in  combustor  vol¬ 
ume  resulted  in  very  high  thermal  intensity  in  the  range  of  156-198  MW/m3  atm  and  at  the  most  desir¬ 
able  operational  point  NO  and  CO  emissions  were  8  ppm  and  82  ppm,  respectively  under  novel  non- 
premixed  mode  at  a  thermal  intensity  of  170  MW/m3  atm.  Even  further  reduction  in  combustor  volume 
resulted  in  combustor  operation  at  ultra-high  thermal  intensity  of  283-453  MW/m3  atm  and  at  the  desir¬ 
able  operating  point  the  NO  and  CO  emissions  were  4  ppm  and  115  ppm  respectively  at  a  thermal  inten¬ 
sity  of  340  MW/m3  atm.  The  sequential  efforts  reveal  the  possibility  of  significantly  increasing  the 
thermal  intensity  while  still  achieving  desirable  emission  levels. 
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Nomenclature 

A 

air 

R 

reverse  flow  (air  injection  from  opposite  side  of  com- 

B 

burned  gases 

bustor  exit) 

C 

cross  flow 

S 

fuel  injection  from  same  side  of  air  injection 

C 

tracer  exit  mass  fraction 

T 

temperature 

CDC 

colorless  distributed  combustion 

FO 

air  injection  opposite  to  combustor  exit,  fuel  injection 

CFD 

computational  fluid  dynamics 

opposite  to  air  injection 

D 

diluted  fuel  (fuel  and  burned  gas  mixture) 

FP 

air  and  fuel  premixed,  mixture  injection  opposite  to 

D 

diameter  of  air  injection 

combustor  exit 

D 

diffusion  mode 

FS 

air  injection  opposite  to  combustor  exit,  fuel  injection 

Dcon 

length  scale  of  confinement 

on  same  side  of  air  injection 

F 

fuel 

RO 

air  injection  on  same  side  of  combustor  exit,  fuel  injec- 

F 

forward  flow  (air  injection  from  same  side  of  combustor 

tion  on  opposite  of  air  injection 

exit) 

RC 

air  injection  on  same  side  of  combustor  exit,  fuel  injec- 

HiTAC 

high  temperature  air  combustion 

tion  in  cross  flow  to  air  injection 

L 

length  scale  of  combustor 

RP 

air  and  fuel  premixed,  mixture  injection  on  same  side  of 

mair 

mass  flow  rate  of  air 

combustor  exit 

mfuel 

mass  flow  rate  of  fuel 

RS 

air  injection  opposite  to  combustor  exit,  fuel  injection 

mox 

mass  flow  rate  of  oxidizer 

on  same  side  of  air  injection 

mrec 

mass  flow  rate  of  recirculated  gases 

Vi 

inlet  velocity 

0 

oxidizer  (air  and  burned  gas  mixture) 

Vx 

axial  velocity 

0 

fuel  injection  from  opposite  side  of  air  injection 

W 

length  scale  of  combustor 

02 

oxygen  concentration 

X 

distance  along  the  combustor  length 

p 

premixed  mode  (air  and  fuel  premixed  prior  to  injection 

^mix 

turbulent  mixing  time 

in  combustor) 

^ign 

ignition  delay  time 

psr 

perfectly  stirred  reactor 

1.  Background  of  low  emission  combustors 

Demonstration  and  industrial  implementation  of  high  tempera¬ 
ture  air  combustion  (HiTAC)  technology  has  been  successfully  real¬ 
ized  for  furnace  applications  worldwide  where  the  thermal 
intensity  is  very  low  (about  0.1-1  MW/m3  atm)  and  large  combus¬ 
tion  volume  is  available  to  achieve  stable  combustion  [1-14]. 
Higher  thermal  intensity  of  about  10  MW/m3  atm  for  furnace 
application  was  investigated  for  a  forward  flow  configuration 
where  a  frustum  of  a  cone  was  placed  inside  the  combustor  to  en¬ 
hance  gas  recirculation  [13,14].  This  technology  has  been  further 
investigated  for  application  to  high  thermal  intensity  gas  turbine 
combustion  development  and  has  been  termed  as  colorless  distrib¬ 
uted  combustion  (CDC).  Note  that  the  state  of  the  art  gas  turbine 
combustor  for  land  based  power  generation  systems  operates  at 
thermal  intensity  of  about  15  MW/m3  atm  [15].  Investigation  for 
gas  turbine  combustor  operating  on  the  concept  of  distributed 
combustion  was  performed  in  both  forward  flow  configuration 
[16]  and  reverse  flow  configuration  [17]  at  thermal  intensity  of 
14  MW/m3  atm  and  20  MW/m3  atm,  respectively.  These  combus¬ 
tors  were  termed  as  flameless  oxidation  (FLOX)  and  stagnation 
point  reverse  flow  (SPRF)  combustors  respectively.  Both  of  these 
combustors  provided  ultra-low  NOx  of  only  about  1  ppm  and  CO 
emission  of  less  than  10  ppm  at  desired  operational  point.  Trapped 
vortex  combustor  technology,  where  fuel  is  injected  in  a  vortex 
that  is  trapped  between  two  plates  placed  in  the  combustion  air 
flow  to  enhance  flame  stability,  was  investigated  at  thermal  inten¬ 
sity  of  20  MW/m3  atm  [18]  and  25  MW/m3  atm  [19].  These  com¬ 
bustors  demonstrated  exceptional  lean  operational  limits  of 
overall  equivalence  ratio  even  less  than  0.2  due  to  flame  stabiliza¬ 
tion  in  a  small  cavity  associated  with  the  trapped  vortex.  The  mix¬ 
ture  in  the  trapped  vortex  is  generally  rich  so  that  the  hot  gases 
produced  are  highly  reactive  for  ignition  of  mixture  in  the  main 


combustion  chamber.  It  is  recognized  that  gas  turbine  combustors 
operate  at  elevated  pressures.  Note  that,  generally  thermal  inten¬ 
sity  is  considered  in  units  of  “MW/m3  atm"  [20]  to  compare  differ¬ 
ent  combustors  as  this  definition  also  accounts  for  elevated 
pressure  operation  of  gas  turbine  combustors. 

A  small  scale  jet  stirred  reactor  having  length  scale  of  less  than 
linch  has  been  investigated  for  the  effect  of  pressure  and  residence 
time  on  lean  premixed  combustion  and  this  combustor  operated  at 
thermal  intensity  of  90  MW/m3  atm  [21  ].  Trapped  vortex  combus¬ 
tor  operating  at  high  thermal  intensity  of  144  MW/m3  atm  has 
been  previously  investigated  [22];  however,  very  high  NOx  emis¬ 
sion  of  about  52  ppm  and  high  CO  emission  of  about  520  ppm  were 
reported.  Generally,  land  based  gas  turbine  combustors  operate  at 
thermal  intensity  in  the  range  of  5-50  MW/m3  atm  [20];  however, 
higher  thermal  intensity  is  desirable  to  further  enhance  efficiency, 
reduce  combustor  volume  and  weight  as  well  as  reduce  the  hard¬ 
ware  costs.  Higher  thermal  intensity  combustor  is  even  more 
desirable  for  aircraft  gas  turbine  engines  where  both  weight  as 
well  as  volume  is  premium. 

Important  factors  that  need  to  be  considered  in  the  design  of  a 
CDC  combustor  are  shown  schematically  in  Fig.  1.  Higher  thermal 
intensity  will  result  in  smaller  volume  of  the  combustor;  see 
Fig.  la.  Some  of  the  basic  requirements  to  achieve  reactions  close 
to  CDC  are  separation  of  air  (‘A’)  and  fuel  (‘F’)  streams  to  avoid  di¬ 
rect  reaction  between  the  combustion  air  and  fuel  and  controlled 
entrainment  of  burned  gases  (‘B’)  in  the  air  stream  to  result  in  the 
formation  of  high  temperature  and  reduced  but  controlled  oxygen 
concentration  in  the  oxidizer  (‘O’);  see  Fig.  lb.  This  is  then  fol¬ 
lowed  by  mixing  of  oxidizer  with  the  fuel  jet  to  result  in  sponta¬ 
neous  ignition  of  the  fuel  to  provide  distributed  combustion 
reaction  zone,  see  Fig.  lc.  These  requirements  can  be  partially 
met  with  different  configurations  of  fuel  and  air  injection.  Air 
can  be  injected  from  opposite  end  of  the  exit  (herein  called  as 
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Fig.  1.  Important  factors  for  the  design  of  CDC  combustor. 


forward  flow  configuration,  ‘F’)  or  from  the  same  end  as  exit 
(herein  called  as  reverse  flow  configuration,  ‘R’).  Fuel  can  be  in¬ 
jected  from  same  side  of  air  injection  (‘S’),  opposite  side  of  air 
injection  (‘O'),  in  cross-flow  (‘C’)  or  premixed  with  air  prior  to 
injection  in  the  combustion  chamber  (‘P’).  Combination  of  these 
notations  will  give  a  specific  flow  configuration,  for  example,  a 
combustor  configuration  in  which  air  is  injected  from  the  same 
end  as  exit  and  fuel  is  injected  from  opposite  side  of  air  injection 
will  be  termed  as  ‘RO’,  see  Fig.  Id.  The  focus  of  this  paper  is  to 
report  sequential  development  of  CDC  technology  for  operation 
at  thermal  intensity  range  of  5-453  MW/m3  atm  for  ultra-low 
emissions  while  investigating  different  flowfield  configurations 
to  achieve  superior  performance. 


Fig.  2a  shows  the  thermal  intensities  that  have  been  investi¬ 
gated  by  various  investigators  as  reported  in  the  literature  [1- 
9,11-19,22-23].  Thermal  intensities  up  to  1  MW/m3  atm  are  fo¬ 
cused  on  furnace  application  and  higher  thermal  intensities  are  fo¬ 
cused  on  gas  turbine  combustion  application.  As  observed  from  the 
figure  very  few  studies  have  been  reported  at  thermal  intensity 
higher  than  25  MW/m3  atm.  High  thermal  intensity  of  up  to 
144  MW/m3  atm  have  been  investigated  previously  for  a  trapped 
vortex  combustor.  It  may  be  noted  that  the  combustors  reported 
in  Fig.  2a  operate  in  non-premixed  mode  wherein  discrete  injec¬ 
tion  of  fuel  and  air  is  applied.  The  corresponding  equivalence  ratio 
is  also  included  in  the  labels.  The  state  of  the  art  dry  low  NO*  (DLN- 
2.6)  gas  turbine  combustor  is  also  included  for  comparison.  DLN- 
2.6  combustor  uses  lean-premixed  combustion  technology  and  is 
fitted  in  a  popular  gas  turbine  GE-7FA.  It  operates  at  thermal  inten¬ 
sity  of  about  15  MW/m3  atm  [15].  Fig.  2b  shows  the  thermal  inten¬ 
sities  that  have  been  investigated  by  the  authors  for  a  range  of 
thermal  intensity  extending  from  5  to  340  MW/m3  atm.  It  may 
be  noted  that  the  highest  thermal  intensity  combustor  was  inves¬ 
tigated  at  thermal  intensity  range  of  283-453  MW/m3  atm  and  at 
the  most  desirable  operational  point  the  thermal  intensity  was 
340  MW/m3  atm  [33].  The  flowfield  configuration  notations  are 
also  included  in  the  figure.  For  a  given  thermal  intensity  only  the 
Favorably  performing  combustor  has  been  included  as  many  con¬ 
figurations  of  air  and  fuel  injection  have  been  examined  by  the 
authors  at  same  thermal  intensities.  It  may  be  noted  that  the  com¬ 
bustors  reported  in  Fig.  2b  operate  in  novel  non-premixed  combus¬ 
tion  modes. 

Fig.  3a  and  c  shows  NOx  and  CO  emission  of  combustors  re¬ 
ported  in  the  literature  at  the  desirable  operating  condition. 
Fig.  3b  and  d  shows  NO  and  CO  emissions  of  combustors  reported 
by  the  authors.  The  state-of-the-art  dry  low  NO*  (DLN-2.6)  gas  tur¬ 
bine  combustor  produced  less  than  9  ppm  of  NO*  as  well  as  CO 
emissions  [15].  Fig.  4a  shows  the  length  scale  of  combustors  inves¬ 
tigated  by  other  authors  in  the  literature  and  it  may  be  noted  that 
the  combustors  above  20  in.  are  generally  intended  for  furnace 
application  and  smaller  size  combustors  are  intended  for  gas  tur¬ 
bine  combustion  application.  Combustor  operating  at  low  thermal 
intensity  of  0.02  MW/m3  atm  had  length  scale  of  246  in.  [1]  and 
combustor  operating  at  high  thermal  intensity  of  144  MW/ 
m3  atm  had  length  scale  of  only  1.6  in.  [22],  Fig.  4b  shows  the 
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(a)  Variation  of  thermal  intensity  of  combustors  reported  by 
other  authors 
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(b)  Variation  of  thermal  intensity  of  combustors 
investigated  by  Gupta,  et  al. 


Fig.  2.  Variation  of  thermal  intensity  for  non-premixed  combustors  reported  by  (a)  other  authors  (b)  Gupta  et  al.  for  low  emission  combustors,  a  =  [24],  b  =  [25],  c=  [26], 
d  =  [27],  e  =  [28],/=  [29],  g=  [30],/=  [31],  g=  [32],  h  =  [33], 
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(a)  Variation  of  N0X  emissions  from  combustors  reported  by 
other  authors 


(b)  Variation  of  NO  emissions  from  combustor 
investigated  by  Gupta,  et  al. 


(c)  Variation  of  CO  emissions  from  combustors  reported  by 
other  authors 


(d)  Variation  of  CO  emissions  from  combustors 
investigated  by  Gupta,  et  al. 


Fig.  3.  Variation  of  NOx/CO  emissions  from  non-premixed  combustors  reported  by  (a  and  c)  other  authors  (b  and  d)  Gupta  et  al.  for  low  emission  combustors,  a  =  [24], 
b  =  [25],  c-  [26],  d  =  [27],  e  =  [28],/=  [29],  g  =  [30],/=  [31],  g=  [32],  h  =  [33], 


length  scales  investigated  by  the  authors  and  it  ranges  from  9  in. 
for  the  combustor  operating  at  thermal  intensity  of  5  MW/ 
m3  atm  [24]  down  to  1.5  in.  for  combustor  operating  at  thermal 
intensity  of  340  MW/m3  atm  [33].  The  state-of-the-art  DLN-2.6 
gas  turbine  combustor  has  a  much  larger  length  scale  of  about 
60  in.  [15], 

A  summary  of  other  details  of  combustor  performance  operat¬ 
ing  in  various  configurations  in  both  non-premixed  and  premixed 
modes  reported  in  literature  and  investigated  by  the  authors  is  gi¬ 
ven  in  Tables  1  and  2  respectively  of  the  Appendix.  The  combustors 
are  arranged  in  increasing  order  of  thermal  intensity. 


2.  Colorless  distributed  combustion  and  green  combustion 
turbine 

Colorless  distributed  combustion  (CDC)  has  been  investigated 
by  the  author’s  research  group  with  the  focus  on  development  of 


high  thermal  intensity,  low  emission  combustors.  CDC  is  based 
on  the  principle  of  high  temperature  air  combustion  (HiTAC)  [3] 
that  offers  unique  benefits  in  high  intensity  combustion.  The  name 
colorless  is  due  to  negligible  visible  emission  from  the  flame  as 
compared  to  conventional  gas  turbine  combustion  flames.  The  dis¬ 
tributed  combustion  is  from  the  distributed  reaction  zone  in  the 
entire  combustion  volume  instead  of  a  thin  reaction  flame  front 
that  promotes  N0X  formation  in  conventional  combustion.  Under 
some  other  conditions  the  flame  produced  is  of  green  color  so  that 
this  mode  of  combustion  for  high  intensity  gas  turbine  applications 
is  called  ‘Green  Combustion  Turbine’  and  this  will  be  discussed  la¬ 
ter.  In  both  of  the  above  cases  the  emissions  are  ultra-low  with 
near  uniform  thermal  field  in  the  entire  combustion  zone  so  as 
to  provide  good  pattern  factor  for  gas  turbine  applications.  The 
CDC  conditions  have  demonstrated  sound  options  to  significantly 
reduce  NO*  and  CO  with  no  detectable  emissions  of  hydrocarbons. 
In  addition  much  enhanced  pattern  factor,  high  flame  stability 
without  using  any  flame  stabilizer,  low  pressure  drop  and  low 
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(a)  Variation  of  length  scale  of  combustors  reported  by  other 
authors 


(b)  Variation  of  length  scale  of  combustors 
investigated  by  Gupta,  et  al 


Fig.  4.  Variation  of  length  scale  of  non-premixed  combustors  reported  by  (a)  other  authors  (b)Gupta  et  al.  for  low  emission  combustors,  a  =  [24],  b  -  [25],  c  =  [26],  d  =  [27], 
e  =  [28],/=  [29],  g=  ]30],/=  [31],  g=  [32],  h  =  [33], 


noise  levels  from  the  combustor  was  observed  [24-33].  Due  to  uni¬ 
form  thermal  field  in  the  entire  combustion  zone  (much  improved 
pattern  factor)  the  amounts  of  air  cooling  required  to  cool  turbine 
blades  is  expected  to  be  reduced  which  can  result  in  improved  effi¬ 
ciency  and  performance. 

Distributed  combustion  is  characterized  by  discrete  and  direct 
injection  of  air  and  fuel  in  a  confined  volume  to  avoid  direct  mixing 
and  reaction  of  fuel  and  combustion  air.  Controlled  hot  product  gas 
recirculation  and  novel  injection  schemes  are  required  to  provide 
fast  fuel/oxidizer  mixing  at  high  reactants  temperatures.  This  re¬ 
sults  in  favorable  distributed  combustion  conditions  and  simulta¬ 
neously  avoids  stoichiometry  variation  that  helps  to  eliminate 
the  hot  spot  regions  formed  in  traditional  gas  turbine  combustors. 
High  temperature  air  from  the  compressor  is  shown  to  be  favorable 
for  reducing  CO  emission  while  maintaining  ultra-low  NO*  emis¬ 
sion  levels  and  good  pattern  factor.  Auto  ignition  of  the  fuel,  as 
used  in  HiTAC  technology,  is  much  different  to  fully  support  the 
CDC  operation.  Focus  here  is  on  development  of  high  and  ultra- 
high  thermal  intensity  CDC  combustor  for  land  based  gas  turbine 
application  with  greater  efficiency  and  near  zero  emissions  of 
NO*  and  CO. 

Advanced  combustion  technologies  are  required  to  meet  strin¬ 
gent  emission  norms  as  well  as  to  reduce  costs  of  the  combustion 
system.  Colorless  distributed  combustion  examined  here  demon¬ 
strates  ultra-low  emissions  with  very  compact  combustion  volume 
(at  high  thermal  intensity).  Smaller  volume  will  relate  to  signifi¬ 
cant  savings  in  capital  costs.  Detailed  fundamental  understanding 
of  distributed  combustion  is  required  to  achieve  improved  mixing 
of  the  reactants  prior  to  combustion  leading  to  distributed  reac¬ 
tions  in  the  entire  combustion  volume  with  uniform  thermal  field. 
This  will  result  in  much  improved  pattern  factor,  less  cooling  air 
requirements  for  the  turbine  blades  and  significant  increase  in  tur¬ 
bine  blade  life.  Other  challenge  is  to  achieve  distributed  reactions 
coupled  with  low  turbulence  level  which  will  result  in  very  lower 
pressure  drop  across  the  combustor  and  hence  increased  efficiency. 
Detailed  understanding  of  NO*  formations  mechanisms  under  hot 
and  diluted  conditions  is  required  so  as  to  reduce  NO*  front  prompt 
and  N20  intermediate  mechanisms  apart  from  thermal  mecha¬ 
nism.  This  will  lead  us  to  the  goal  of  near  zero  NO*  emissions  in  fu¬ 
ture.  Wider  shear  layer  mixing  regions  (radially  stretched)  near  the 


air  and  fuel  jets  is  required  so  as  to  distribute  the  reactions  in  lar¬ 
ger  volume  as  compared  to  thin  reaction  zones  encountered  in 
conventional  gas  turbine  combustors.  Advanced  swirling  distrib¬ 
uted  combustion  can  be  investigated  to  achieve  higher  gas  recircu¬ 
lation  and  intense  mixing  so  as  to  achieve  high  residence  time  and 
complete  combustion  with  near  zero  NO*  emissions. 

Another  revolutionary  concept  of  ‘Green  Combustion  Turbine’ 
will  be  investigated  in  future  with  aim  of  near  zero  pollutant 
emissions.  The  visible  emission  from  flame  was  observed  to  be 
shifted  towards  green  due  to  dominance  of  C2  radical  (swan 
band)  under  high  temperature  air  combustion  condition  [34,35], 
especially  with  propane  and  heavier  fuels,  with  reactions  occur¬ 
ring  at  near  uniform  temperatures.  With  decrease  in  oxygen  con¬ 
centration  the  flame  color  was  observed  to  change  from  yellow  to 
blue  to  bluish  green  to  green  color  and  at  very  low  oxygen  con¬ 
centration  of  less  than  2%  no  color  was  observed  and  this  was 
termed  as  ‘colorless  combustion’.  At  lower  oxygen  concentration 
(<5%)  green  color  flame  was  observed  due  to  domination  of  C2 
radical  emission  [34,35]  and  this  is  termed  as  “Green  Combustion 
Turbine”.  This  green  flame  was  observed  to  result  in  very  low  pol¬ 
lutant  emissions  and  these  specific  conditions  could  be  investi¬ 
gated  to  achieve  ultra-low  pollutant  emissions  for  high  thermal 
intensity  combustors. 


3.  Background  calculations  for  effect  of  thermal  intensity 

The  main  focus  of  this  paper  is  on  successful  sequential  devel¬ 
opment  of  high  intensity  gas  turbine  combustor  by  the  authors 
with  successive  increase  in  thermal  intensity  that  extend  well  into 
next  generation  of  gas  turbine  combustors.  Sample  calculations  are 
presented  in  this  section  to  understand  and  unravel  the  effects  of 
various  important  parameters,  such  as  residence  time  and  gas 
recirculation  on  thermal  intensity  and  emissions  from  a  combus¬ 
tor.  Higher  thermal  intensity  is  desirable  so  that  the  same  amount 
of  heat  could  be  released  in  a  smaller  combustor  volume  and  this 
directly  relates  to  reduced  hardware  costs.  As  an  example,  increase 
in  thermal  intensity  from  5  to  50MW/m3atm  would  require  a 
combustor  having  1  /10th  volume  as  compared  to  the  original  com¬ 
bustor  for  the  same  heat  load. 


V.K.  Arghode,  A.K.  Gupta / Applied  Energy  111  (2013)  930-956 


935 


Residence  time  - CO 


E 

Q. 

Q. 


CM 


2000 


1500 

Q. 

CNJ 

P  1000 

LO 

O  500 
O 

0 

0  20  40  60  80  100 

Vol%  of  gases  having 
residence  time  of  5ms 


Avg.  res.  time  =  25ms 


5ms=0%,25ms=1 00%=97 1  ppm 
5ms=20%,  30ms=80%=1 1 61  ppm 
5ms=50%,  45ms=50%=1497ppm 
5ms=64%,  60ms=36%=1676ppm 
5ms=71%,  75ms=29%=1788ppm 


(a)  Effect  of  thermal  intensity  on  average 
residence  time  and  CO  emissions  (perfectly 
stirred  reactor,  <f>=0.8). 


(b)  Effect  of  fraction  of  gases  having 
low  residence  time  on  CO  emissions 
(perfectly  stirred  reactor,  0=0.8). 


(c)  Effect  of  confinement  size  on  centerline  jet 
velocity  decay  (blue=free  jet) 


(d)  Effect  of  confinement  size  on  gas 
recirculation  (blue=free  jet) 


(e)  Forward  flow  configuration  (f)  Reverse  flow  configuration 


Fig.  5.  (a)  Effect  of  thermal  intensity  on  residence  time  and  CO  emissions,  (b)  Effect  of  fraction  of  gases  having  low  residence  time  on  CO  emissions,  (c)  Effect  of  confinement 
size  on  velocity  decay,  (d)  Effect  of  confinement  size  on  gas  recirculation,  (e)  Schematic  5  of  forward  flow  configuration,  (f)  Schematic  of  reverse  flow  configuration. 


Higher  thermal  intensity  will  result  in  lower  residence  time  due 
to  higher  volume  flow  rate  of  air  and  fuel  for  the  same  thermal 
load.  The  effect  of  thermal  intensity  on  residence  time  and  CO 
emissions  is  shown  in  Fig.  5a.  Chemical  kinetic  simulations  for  a 
perfectly  stirred  reactor  model  are  performed  using  GRI-3.0  mech¬ 
anism  [36]  at  equivalence  ratio  of  up  to  0.8,  inlet  temperature  of 
300  I<  and  pressure  of  1  atm.  Note  that  equivalence  ratios  of  0.8 
are  very  high  for  current  gas  turbine  combustors  that  operate  at 
much  lower  equivalence  ratios  of  0.5  or  less,  however,  the  inlet 
air  temperatures  are  higher  due  to  compression.  For  these  simula¬ 
tions  commercial  software  code  CHEMKIN  was  used.  The  oxidation 
of  CO  is  a  slow  process  in  all  combustion  systems  so  that  lower  res¬ 
idence  time  will  result  in  higher  CO  emission  levels  at  the  exit.  The 
figure  suggests  that  higher  thermal  intensity  will  correspond  to 
lower  residence  time  and  hence  it  will  result  in  higher  CO  emis¬ 
sions  as  shown  in  Fig.  5a.  For  example,  thermal  intently  of 
5  MW/m3  atm  results  in  a  residence  time  of  76  ms  and  thermal 
intensity  of  75  MW/m3  atm  results  in  a  residence  time  of  5  ms.  This 
results  in  CO  emission  of  about  2280  ppm  at  75  MW/m3  atm  as 
compared  to  550  ppm  at  5  MW/m3  atm.  It  may  be  noted  that  for 
higher  pressure  operation,  the  relation  between  residence  time 
and  thermal  intensity  will  be  same.  At  a  given  thermal  intensity, 


at  higher  pressures,  one  can  burn  more  fuel  (higher  heat  load); 
however  on  the  other  hand  the  velocities  will  be  same  as  the  gas 
density  will  increase  linearly  with  pressure  resulting  in  the  same 
residence  time.  Hence  it  may  be  noted  that  thermal  intensity  is 
an  indication  of  average  residence  time  in  a  combustor.  The  calcu¬ 
lation  for  CO  levels  for  average  residence  time  of  25  ms  with  differ¬ 
ent  percentage  of  gases  having  low  residence  time  is  shown  in 
Fig.  5b.  From  the  figure  it  can  be  noted  that  if  one  has  higher  frac¬ 
tion  of  gases  having  low  residence  time,  CO  emissions  will  increase 
even  though  the  average  residence  time  is  same  of  all  the  cases.  For 
example,  if  we  have  all  the  gases  having  residence  time  of  25  ms 
the  CO  emission  from  perfectly  stirred  reactor  will  be  971  ppm. 
However,  if  71  vol.%  of  gases  has  residence  time  of  5  ms  and 
29  vol.%  of  gases  has  residence  time  of  75  ms  (giving  25  ms  of 
average  residence  time)  CO  emission  is  1788  ppm.  Hence,  with 
favorable  residence  time  distribution,  where  one  has  minimal  frac¬ 
tion  of  gases  having  low  residence  time,  one  can  have  higher  con¬ 
version  of  CO  and  consequently  lower  CO  emissions. 

For  the  same  heat  load,  to  achieve  higher  thermal  intensity  a 
smaller  confined  volume  will  be  required.  With  reduction  in  vol¬ 
ume,  the  confinement  effects  are  expected  to  dominate  the  flow 
field  inside  the  combustor.  To  understand  the  effect  of  confinement 
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on  gas  flow  and  recirculation  inside  the  combustor,  CFD  simula¬ 
tions  were  performed  on  an  axisymmetric  jet  and  results  are 
shown  in  Fig.  5c  and  d.  Two  types  of  geometries  were  considered 
for  the  simulation.  In  the  first  geometry  the  air  exits  from  the 
opposite  end  of  air  injection  and  this  geometry  is  a  representative 
of  forward  flow  configuration  (denoted  as  ‘F’,  see  Fig.  5e).  In  the 
other  geometry,  air  exits  the  confinement  from  the  same  side  of 
air  injection  and  this  geometry  is  representative  of  a  reverse  flow 
configuration  (denoted  as  ‘R’,  see  Fig.  5f).  Realizable  k-e  model 
with  standard  wall  functions  were  used  to  model  turbulence  with 
inlet  turbulence  intensity  of  5%.  Realizable  k-e  model  has  been 
shown  to  provide  more  accurate  prediction  of  profile  and  spread¬ 
ing  of  non-reacting  round  jets  [37].  The  inlet  air  velocity  is 
128  m/s  and  this  corresponds  to  the  examined  heat  load  of 
6.25  kW  using  methane  as  the  fuel  burning  at  equivalence  ratio 
of  0.8.  Note  that  this  equivalence  ratio  is  much  higher  than  that 
used  in  conventional  gas  turbine  engines.  The  conditions  given 
above  have  been  used  here  for  various  configurations  investigated 
over  a  range  of  thermal  intensities.  Convergence  was  obtained 
when  the  residuals  for  all  the  variables  were  less  than  IE-04.  Air 
at  normal  temperature  and  pressure  was  used  as  the  working  fluid. 
For  these  simulations  commercial  software  FLUENT  was  used. 

The  results  for  centerline  air  jet  velocity  decay  are  shown  in 
Fig.  5c.  From  the  figure  it  can  be  observed  that  with  smaller  con¬ 
finement  size  (higher  D/Dcon  ratio,  where  D  is  the  air  injection 
diameter  and  Dcon  is  the  length  scale  of  the  confinement)  the  veloc¬ 
ity  decay  is  faster.  It  may  also  be  observed  that  the  jet  velocity  de¬ 
cay  is  faster  for  reverse  flow  configuration  as  compared  to  the 
forward  flow  configuration.  The  results  for  gas  recirculation  are 
presented  in  Fig.  5d.  It  may  be  noted  that  for  smaller  confinement 
volume,  the  maximum  gas  recirculation  is  limited  by  the  confine¬ 
ment  size.  The  gas  recirculation  increases  along  the  length,  reaches 
a  peak  value  and  then  decreases.  This  also  suggests  that  higher 
thermal  intensity  may  pose  problems  on  the  stabilization  of  reac¬ 
tions  as  well  as  high  temperature  mixture  preparation  that  is  crit¬ 
ical  to  achieve  reactions  in  distributed  combustion  (CDC)  mode. 
Reverse  flow  configuration  results  in  slightly  lower  gas  recircula¬ 
tion  as  compared  to  the  forward  flow  configuration.  It  may  be 
noted  that  for  reverse  flow  configuration  while  calculating  the 


mass  flow  rate  of  the  recirculated  gases,  the  mass  flow  rate  of  in¬ 
jected  air  is  subtracted  from  the  total  flow  rate  having  the  negative 
velocity  as  the  mass  flow  rate  of  injected  air  has  to  reverse  its 
direction  of  flow  before  exiting  the  combustor.  The  gas  recircula¬ 
tion  for  free  jet  is  slightly  over  predicted  by  the  CFD  simulations 
as  compared  to  the  correlation  given  in  [38].  This  requires  further 
substantiation  and  validation  using  detailed  experimental  data. 

At  higher  gas  recirculation  ratios  the  oxidizer  (mixture  of  recir¬ 
culated  product  gases  and  injected  air)  temperature  will  increase 
and  the  oxygen  concentration  will  decrease.  To  obtain  the  values 
of  oxidizer  temperature  and  oxygen  concentration,  chemical  ki¬ 
netic  simulation  has  been  performed  using  the  GR1  3.0  reaction 
mechanism  [36]  for  an  adiabatic  well  stirred  reactor  (at  residence 
time  =  100  ms)  using  methane  as  the  fuel  with  both  fuel  and  air 
entering  the  combustor  at  an  inlet  temperature  of  300  I<  and  over¬ 
all  equivalence  ratio  of  0.8.  The  product  gas  from  the  first  reactor  is 
mixed  with  air  in  the  second  reactor  to  form  the  oxidizer  as  shown 
in  Fig.  6c.  The  ratio  of  mass  flow  rates  in  first  reactor  (mrec2)  and 
the  mass  flow  rate  of  air  (mair2)  in  the  second  reactor  will  govern 
the  recirculation  ratio.  The  results  of  oxidizer  temperature  and 
oxygen  concentration  are  presented  in  Fig.  6a  and  that  of  ignition 
delay  times  are  presented  in  Fig.  6b.  It  can  be  observed  that  for 
recirculation  ratio  in  the  range  of  2-3,  the  temperature  of  oxidizer 
is  about  1530-1655  K  and  oxygen  concentration  is  in  the  range  of 
9.4-8  vol.%.  For  spontaneous  ignition  of  fuel  and  oxidizer  mixture 
the  ignition  delay  time  should  be  well  below  the  residence  time 
in  the  combustor.  For  recirculation  ratio  of  3  the  ignition  delay 
time  is  about  1  ms.  The  results  are  compared  with  correlation  for 
ignition  delay  time  for  methane  combustion  in  air  given  in  [39]. 

From  these  simple  calculations  it  may  be  conjectured  that  in¬ 
crease  in  thermal  intensity  poses  many  challenges  of  reduced  res¬ 
idence  time,  to  possibility  promote  higher  CO  emissions  as  well  as 
reduce  gas  recirculation  which  can  pose  problems  of  spontaneous 
ignition  and  flame  stabilization. 

In  the  present  investigation,  various  flow  field  configurations 
for  range  of  thermal  intensities  in  the  range  of  5-453  MW/ 
m3  atm  has  been  reported  and  these  results  could  be  useful  for 
designing  gas  turbine  combustors  operating  on  CDC  technology. 
The  results  are  specifically  reported  for  combustors  operating  at 
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Fig.  6.  (a)  Effect  of  gas  recirculation  on  temperature  and  oxygen  concentration  of  oxidizer,  (b)  Effect  of  gas  recirculation  on  ignition  delay  time,  (c)  Setup  for  chemical  kinetic 
simulations. 
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Fig.  7.  CDC  combustor  at  thermal  intensity  of  5  MW/m3  atm  (a)  photograph,  (b)  schematic  and  (c-l<)  schematic  diagrams  of  different  geometries  examined,  heat  load  is 
25  kW. 


5,  20,  30,  40,  28,  53,  57,  85,  170  and  340  MW/m3  atm.  The  results 
are  also  summarized  in  Table  2  of  the  Appendix. 

4.  Low  thermal  intensity  combustor  (5  MW/m3  atm) 

4.3.  Effect  offlowfield  configuration  ( 5  MW/m3  atm) 

Initially  a  low  thermal  intensity  combustor  operating  at  5  MW/ 
m3  atm  was  designed  and  examined.  This  combustor  had  four  air 
and  four  fuel  injection  ports  with  the  desired  flexibility  to  operate 
in  various  air  and  fuel  injection  configurations.  A  photograph  of 
this  combustor  and  different  flow  configurations  investigated  is 
shown  in  Fig.  7.  Eight  flow  field  configurations  are  reported  that 
show  the  potential  to  achieve  reactions  in  more  favorable  colorless 
distributed  combustion  (CDC)  mode.  These  include  five  forward 
flow  configurations  (‘FS1’,  ‘FS2’,  ‘FO’,  ‘FPl’,  ‘FP2’)  and  three  reverse 
flow  configurations  (‘RS’,  ‘RO’,  ‘RP’).  The  combustor  is  started  in  dif¬ 
fusion  flow  mode  (‘D’)  and  then  transitioned  to  CDC  mode.  The 
combustor  operates  at  heat  load  of  25  kW  with  methane  as  the  fuel 
and  air  as  oxidizer  and  four  air  and  fuel  injection  ports  were  used. 
Both  air  and  fuel  were  injected  at  ambient  temperature  and  the 
combustor  was  operated  at  atmospheric  pressure.  In  all  the  cases 
examined  here,  at  different  thermal  intensities,  no  catalyst  was 
used  for  the  onset  of  or  sustaining  the  combustion.  Fuel  injection 
velocity  was  97  m/s,  and  air  injection  velocity  was  128  m/s  at 
rather  high  equivalence  ratio  of  0.8.  Further  details  of  the  experi¬ 
mental  conditions  are  provided  elsewhere  [24]. 

The  results  for  NO  and  CO  emissions  at  equivalence  ratio  of  0.8 
are  shown  in  Fig.  8.  It  can  be  observed  that  the  novel  premixed  flow 


mode  (‘FPl’,  ‘FP2’,  ‘RP’)  produced  lowest  NO  levels  (about  1  ppm). 
Lowest  CO  emission  (about  5  ppm)  was  obtained  for  reverse  flow 
configuration  operating  in  the  novel  premixed  mode  (‘RP’).  This 
may  be  due  to  higher  fraction  of  gases  having  higher  residence 
time  associated  for  this  configuration  as  compared  to  other  for¬ 
ward  flow  configurations  (‘FPl’  and  ‘FP2’)  as  the  burned  gases 
has  to  reverse  the  direction  before  exiting  from  the  combustor. 
Amongst  the  novel  non-premixed  modes,  configuration  ‘FS1’  re¬ 
sulted  in  low  NO  (about  7  ppm)  and  low  CO  (about  33  ppm)  emis¬ 
sion  levels.  As  the  air  injection  port  was  shifted  towards  the 
combustor  centerline  (‘FS2’,  ‘FP2’),  CO  emissions  increased  signifi¬ 
cantly  as  compared  to  the  configurations  where  air  injection  port 
was  near  the  combustor  walls  (‘FS1’,  ‘FPl’).  This  may  be  due  to 
higher  fraction  of  gases  having  lower  residence  time  for  this  con¬ 
figurations  ‘FS2’  and  ‘FP2’  due  to  faster  escape  of  burned  gases  from 
the  combustor  exit  which  is  located  along  centerline  of  the  com¬ 
bustor.  This  highlights  the  importance  of  location  of  injection  of 
the  reactants  into  the  combustor. 

Numerical  calculations  of  residence  time  distribution  were  per¬ 
formed  for  configurations  ‘FPl’,  ‘FP2’  and  ‘RP’.  First  a  steady  state 
solution  of  non-reacting  (only  air)  flow  field  was  obtained  and  then 
a  tracer,  having  same  property  as  that  of  air  introduced  from  the  air 
injection  location,  and  the  exit  mass  fraction  is  tracked  with  re¬ 
spect  to  time.  Further  details  of  numerical  set-up  and  calculation 
of  residence  time  can  be  found  elsewhere  [26,27].  Residence  time 
calculations  for  the  three  novel  premixed  flow  modes  (‘FPl’,  ‘FP2’ 
and  ‘RP’)  are  shown  in  Fig.  9.  Fig.  9a  shows  the  exit  mass  fraction 
profile  and  Fig.  9b  shows  the  residence  time  frequency  distribu¬ 
tion.  The  average  residence  time  for  the  three  cases  is  589  ms  for 


(b)  CO  emissions  (0=0.8) 


Fig.  8.  (a)  NO  and  (b)  CO  emissions  of  CDC  combustor  at  thermal  intensity  of  5  MW/m3  atm  and  heat  load  of  25  kW,  for  different  flow-field  configurations. 
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(a)  Tracer  exit  mass  fraction 


(b)  Frequency  distribution 


Fig.  9.  (a)  Tracer  exit  mass  fraction  and  (b)  frequency  distribution  for  configurations  FP1,  FP2  and  RP  and  its  comparison  with  perfectly  stirred  reactor  (psr). 


‘FP1’,  588  ms  for  ‘FP2’,  590  ms  for  ‘RP’  and  585  ms  for  perfectly  stir¬ 
red  reactor  (psr).  This  suggests  that  the  average  residence  time  is 
very  close  to  that  for  a  perfectly  stirred  reactor  irrespective  of 
the  flow  configuration. 

However,  as  observed  from  the  frequency  distribution,  configu¬ 
ration  ‘FP1’  has  the  highest  fraction  of  tracer  particles  having  low 
residence  time,  whereas  configuration  ‘RP’  has  lowest  fraction  of 
tracer  particles  having  low  residence  time.  This  could  also  be  ob¬ 
served  from  early  inception  of  tracer  at  the  exit  for  configuration 
‘FP2’  as  compared  to  configuration  ‘RP’.  From  Fig.  5b  we  learn  that 
for  the  case  with  higher  fraction  of  gases  having  lower  residence 
time  can  lead  to  overall  high  emission  of  CO  in  the  exit  gases  even 
though  the  average  residence  time  is  same.  Hence  the  residence 
time  calculation  suggests  that  the  reverse  flow  configuration  can 
result  in  lowest  CO  emissions  for  the  present  case.  This  further  sug¬ 
gests  that,  location  of  air  injection  port  which  will  result  in  higher 
residence  time  can  result  in  lower  CO  emissions.  The  figure  also 
suggests  that  enhanced  performance  as  compared  to  perfectly  stir¬ 
red  reactor  could  be  achieved  by  selectively  choosing  the  flow  con¬ 
figurations,  as  perfectly  stirred  reactor  has  higher  fraction  of  gases 
having  very  low  residence  time  as  compared  to  other  flow  config¬ 
urations.  These  simple  calculations  also  suggests  that  one  can  have 
benefit  of  favorable  residence  time  distribution  by  tailoring  the 
flow  field  by  operating  optimal  configuration  even  though  the 
average  residence  time  is  the  same  for  different  configurations 
for  a  given  volume. 


5.  Medium  thermal  intensity  combustor  (20-60  MW/m3  atm) 

5.  J.  Combustor  operation  at  20-40  MW/m3  atm 

Previous  investigation  of  combustor  performance  at  thermal 
intensity  of  5  MW/m3  atm  revealed  that  placing  air  injection  port 
away  from  the  combustor  centerline  for  forward  flow  mode  results 
in  favorable  residence  time  characteristics  of  gases  in  the  combus¬ 
tor  and  that  the  configuration  in  novel  non-premixed  mode  (‘FS1’) 
resulted  in  favorable  emission  characteristics.  In  the  next  step  the 
thermal  intensity  of  a  forward  flow  configuration  was  increased  to 
20-40  MW/m3  atm  range  by  reducing  the  confinement  size  using 
three  different  diameter  cylindrical  quartz  tubes.  The  configuration 
is  similar  to  the  forward  flow  configuration  ‘FS1’  investigated  pre¬ 
viously  wherein  the  air  is  injected  near  the  combustor  walls  and 
fuel  is  injected  near  the  combustor  centerline  from  opposite  end 
of  the  combustor  (see  Fig.  7d).  The  combustor  was  operated  at  heat 
load  of  25  kW  at  normal  temperature  of  air  and  fuel  injection  and 
at  atmospheric  pressure  using  four  air  and  four  fuel  injection  ports. 
Air  injection  velocity  was  varied  from  146  to  205  m/s  to  result  in 
the  corresponding  equivalence  ratio  variation  from  0.7  to  0.5.  Fuel 
injection  velocity  was  97  m/s.  Further  details  of  geometry  and 
experimental  conditions  are  provided  elsewhere  [25]. 

Fig.  10  shows  the  global  flame  images  of  conventional  diffusion 
flame  mode  similar  to  configuration  ‘D’  and  non-premixed  CDC 
mode  similar  to  configuration  ‘FS1’.  It  can  be  observed  that 


^  I 


40  MW/m3  30  MW/m3 


20  MW/m3 


I  I 


40  MW/m3  30  MW/m 


(a)  Conventional  diffusion  flames 


(b)  Non-premixed  CDC  flames 


Fig.  10.  Global  flame  images  for  (a)  diffusion  flames  (D)  and  (b)  non-premixed  CDC  flames  (FS1),  heat  load  is  25  kW. 
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Fig.  11.  (  a)  NO  and  (b)  CO  emissions  of  CDC  combustor  for  forward  flow  configuration  FSlfor  effect  of  thermal  intensity  at  heat  load  of  25  kW. 


conventional  diffusion  flame  could  not  be  contained  inside  the 
confinement  volume  and  hence  it  really  does  not  represent  high 
thermal  intensity  operation  of  combustor.  However,  the  novel 
non-premixed  CDC  flames  were  observed  to  be  confined  inside 
the  confinement  volume  resulting  in  thermal  intensity  range  of 
20-40  MW/m3  atm. 

Fig.  1 1  shows  the  emissions  of  NO  and  CO  for  the  effect  of  ther¬ 
mal  intensity  in  the  range  of  20-40  MW/m3  atm  for  the  forward 
flow  configuration  ‘FS1’.  It  can  be  observed  that  for  the  range  of 
thermal  intensity  investigated  here  the  NO  emissions  are  similar; 


however,  CO  emissions  increase  significantly  with  increase  in  ther¬ 
mal  intensity.  This  can  be  attributed  to  smaller  residence  time  cor¬ 
responding  to  higher  thermal  intensity  case  (see  Fig.  5a). 
Furthermore  reduction  in  confinement  volume  also  results  in 
reduction  in  gas  recirculation  as  observed  numerically,  see  Fig.  5b. 

5.2.  Combustor  operation  at  28  MW/m3  atm 

Different  flow  field  configurations  at  thermal  intensity  of 
28  MW/m3  atm  were  investigated  using  a  simplified  geometry  of 
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Fig.  12.  CDC  combustor  (28  MW/m3  atm,  6.25  kW)  (a)  photograph  and  (b-k)  schematic  diagrams  of  different  geometries  examined. 
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Fig.  13.  (a)  NO  emissions  and  (b)  CO  emissions  for  the  CDC  combustor  at  thermal  intensity  of  28  MW/m3  atm  and  heat  load  of  6.25  kW. 


the  combustor.  Only  single  air  and  fuel  injection  ports  were  used  as 
compared  to  four  air  and  four  fuel  injection  ports  used  previously. 
Different  flow  configurations  including  both  forward  and  reverse 
flow  were  investigated.  The  heat  load  was  fixed  at  6.25  kW  and 
air  and  fuel  was  injected  at  normal  temperature  and  combustor 
operated  at  atmospheric  pressure  for  all  the  cases.  The  fuel  injec¬ 
tion  velocity  was  97  m/s  and  air  injection  velocity  varied  from 
128  to  205  m/s  to  provide  the  variation  in  equivalence  ratio  from 
0.8  to  0.5,  respectively.  Further  details  of  the  experimental  condi¬ 
tions  are  given  elsewhere  [26,27], 

Similar  to  the  forward  and  reverse  flow  configurations  investi¬ 
gated  for  thermal  intensity  of  5  MW/m3  atm  (see  Fig.  7),  different 
configurations  at  higher  thermal  intensity  of  28  MW/m3  atm  were 
investigated;  see  Fig.  12  for  more  details.  Note  that  higher  thermal 
intensity  results  in  lower  residence  time  and  reduced  recirculation 
of  gases  which  subsequently  pose  problems  of  sustaining  combus¬ 
tion  and  results  in  higher  emissions  of  CO,  see  Fig.  5a.  Configura¬ 
tions  ‘FS1’,  ‘FPl’  and  ‘RS’  could  not  sustain  combustion  due  to 
lower  recirculation  of  gases  as  well  as  slower  decay  of  fuel  jet  as 
observed  numerically  [26,27],  Flence  experimental  results  for  these 
cases  are  not  presented.  It  may  be  noted  that  the  configuration 
‘FS1’  provided  lower  NO  as  well  as  lower  CO  emissions  for  the 
low  thermal  intensity  case  in  the  non-premixed  mode,  see  Fig.  8. 
This  suggests  that  the  geometry  has  influence  on  combustion  char¬ 
acteristics  of  different  configurations  and  this  factor  needs  to  be 
considered  while  scaling  CDC  combustors. 

Experimental  results  on  the  NO  and  CO  emissions  at  thermal 
intensity  of  28  MW/m3  atm  are  shown  in  Fig.  13.  The  novel 


premixed  flow  mode  in  both  forward  (‘FP2’)  and  reverse  (‘RP')  flow 
configuration  resulted  in  lowest  NO  levels  (about  1  ppm);  however 
CO  emission  was  very  high  (about  2300  ppm)  for  the  forward  flow 
configuration  but  considerably  low  (about  50  ppm)  for  the  reverse 
flow  configuration.  This  further  emphasize  that  the  reverse  flow 
configuration  results  in  favorable  residence  time  distribution  and 
hence  lower  CO  emission  as  compared  to  the  forward  flow  config¬ 
uration.  This  result  is  similar  to  that  reported  in  Fig.  8  for  lower 
thermal  intensity  combustor  operating  at  thermal  intensity  of 
5  MW/m3  atm.  It  may  also  be  noted  that  the  increase  in  thermal 
intensity  from  5  to  28  MW/m3  atm  increased  the  CO  emissions 
considerably  due  to  lower  associated  residence  time  for  the  high 
intensity  combustor.  Fligher  CO  emissions  also  suggest  that  there 
may  be  higher  unburned  hydrocarbon  (UHC)  emission  and  hence 
lower  combustion  efficiency  for  the  forward  flow  configuration 
‘FP2’.  In  the  novel  non-premixed  mode,  higher  NO  emissions  were 
observed  for  both  forward  and  reverse  flow  configurations  (see 
Fig.  13a)  with  highest  emissions  observed  for  the  reverse  flow  con¬ 
figuration  ‘RO’.  Forward  flow  configuration  ‘FO’  resulted  in  lower 
CO  levels  (about  200  ppm)  as  compared  to  the  forward  flow  config¬ 
uration  ‘FS2'  but  higher  CO  emissions  as  compared  to  the  reverse 
flow  configuration  ‘RO’  (see  Fig.  13b).  This  may  be  due  to  higher 
residence  time  for  the  opposed  flow  configuration  (‘FO’)  as  com¬ 
pared  to  the  configuration  where  both  air  and  fuel  are  injected 
from  same  side  (‘FS2’).  This  was  also  confirmed  from  the  numerical 
simulations  where  configuration  ‘FO’  had  higher  residence  time  as 
compared  to  configuration  ‘FS2’  [26].  Reverse  flow  configuration 
‘RO’  had  lower  CO  emissions  as  compared  to  the  forward  flow 
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Fig.  14.  High  thermal  intensity  CDC  combustor  (57  MW/m3  atm,  6.25  kW)  (a)  photograph  and  (b-i)  schematic  diagrams  of  different  geometries  examined. 
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Fig.  15.  (a)  NO  emissions  and  (b)  CO  emissions  for  CDC  combustor  at  thermal  intensity  of  57  MW/m3  atm  and  heat  load  of  6.25  kW. 


configuration  ‘FO’  and  this  suggests  favorable  residence  time  for 
reverse  flow  configuration  as  compared  to  forward  flow  configura¬ 
tion.  The  reverse  flow  configuration  was  further  explored  at  higher 
thermal  intensities  and  enhanced  mixing  conditions  to  achieve 
lower  NO  and  CO  emissions  and  is  discussed  next.  It  can  also  be  ob¬ 
served  that  NO  emissions  increase  with  decrease  in  equivalence  ra¬ 
tio  for  the  configuration  ‘RO’  and  this  suggests  that  further 
investigations  are  required  to  achieve  uniformly  distributed  reac¬ 
tions  as  for  a  perfectly  stirred  reactor  NO  emission  is  expected  to 
increase  with  increase  in  equivalence  ratio. 

5.3.  Combustor  operation  at  57  MW/m3  atm 

Different  reverse  flow  configurations  were  investigated  at  ther¬ 
mal  intensity  of  57  MW/m3  atm.  The  details  are  shown  in  Fig.  14.  It 
can  be  noted  that  configurations  where  fuel  is  injected  in  cross- 
flow  with  respect  to  air  injection  are  also  included  (‘RC1‘,  ‘RC2’ 
and  ‘RC3’)  in  addition  to  configuration  ‘RO’  and  ‘RP’.  The  heat  load 
here  is  fixed  at  6.25  kW.  Fuel  injection  velocity  is  97  m/s  and  air 
injection  velocity  varied  from  128  to  205  m/s  to  cause  a  subse¬ 
quent  variation  in  the  equivalence  ratio  of  0.8-0.5  respectively. 
Further  details  of  experimental  conditions  are  given  elsewhere 
[27], 

Fig.  15  shows  NO  and  CO  emission  at  thermal  intensity  of 
57  MW/m3  atm.  From  the  figure  it  can  be  observed  that  the  novel 


premixed  mode  ‘RP’  resulted  in  ultra-low  NO  (about  1  ppm)  and 
low  CO  (about  100  ppm)  emission  levels.  It  may  be  noted  that 
the  reverse  flow  configuration  in  premixed  mode  operating  at  ther¬ 
mal  intensity  of  28  MW/m3  atm  also  resulted  in  NO  emission  of 
1  ppm  but  lower  CO  emission  (about  50  ppm)  (see  Fig.  13b)  and 
this  further  suggests  that  increase  in  thermal  intensity  results  in 
lower  residence  time  to  result  in  higher  CO  emissions. 

From  Fig.  1 5a  it  can  be  observed  that  the  novel  non-premixed 
configuration  ‘RO’  results  in  high  NO  emissions  (more  than 
10  ppm).  NO  emission  level  decreases  with  increase  in  equivalence 
ratio  and  this  is  similar  to  the  results  obtained  for  reverse  flow  con¬ 
figuration  ‘RO’  investigated  at  thermal  intensity  of  28  MW/m3  atm 
(see  Fig.  13a).  This  suggests  that  further  investigations  are  required 
to  achieve  reactions  closer  to  distributed  regime  as  for  the  per¬ 
fectly  stirred  reactor  case  NO  emission  level  is  expected  to  increase 
with  increase  in  equivalence  ratio. 

In  the  cross  flow  mode  (‘RC1‘,  ‘RC2‘,  RC3‘)  as  the  fuel  injection 
location  is  shifted  closer  to  the  air  injection  port;  higher  cross- 
flow  velocity  will  be  encountered  resulting  in  better  fuel/oxidizer 
mixing.  This  is  expected  to  result  in  lower  NO  and  CO  emissions. 
This  was  also  observed  experimentally  as  seen  from  Fig.  15a.  Con¬ 
figuration  ‘RC1’  resulted  in  ultra-low  NO  (about  3  ppm)  and  low 
CO  (about  60  ppm)  emissions.  This  suggests  that  reverse  flow 
configuration  in  cross-flow  provides  lower  NO  and  CO  emissions 
even  at  high  thermal  intensity  in  the  non-premixed  mode.  It 
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Fig.  16.  High  thermal  intensity  CDC  combustor  (range  is  53-85  MW/m3  atm)  (a)  photograph,  (b)  schematic,  (c)  non-premixed  and  (d)  premixed  mode,  heat  load  range  is 
3.91-6.25  kW. 
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may  be  noted  that  for  configuration  ‘RC1’,  NO  emission  level  in¬ 
creases  with  increase  in  equivalence  ratio  and  that  emission  lev¬ 
els  are  closer  to  the  novel  premixed  flow  mode  so  that  this 
configuration  is  more  representative  of  more  distributed  reactions 
for  this  configuration  (see  Fig.  15a).  The  reverse  cross  flow  ‘RC 
configuration  was  further  investigated  at  higher  thermal  intensi¬ 
ties  and  is  discussed  next. 

6.  High  thermal  intensity  combustor  (53-453  MW/m3  atm) 

6.1.  Combustor  operation  at  53-85  MW/m3  atm 

From  the  previous  investigations  on  the  forward  flow  as  well  as 
reverse  flow  configurations  it  was  found  that  the  reverse  flow 
geometry  results  in  higher  residence  time  which  helped  to  achieve 
lower  CO  levels  as  compared  to  the  forward  flow  configurations. 
Fuel  injection  in  cross  flow  results  in  faster  mixing  of  fuel  with 
the  oxidant  stream  to  results  in  lower  NO  and  CO  emission  levels. 


(a)  Non-premixed  (b)  Premixed 

(0=0.8)  (0=0.8) 

Fig.  17.  Global  images  for  CDC  combustor  (at  85  MW/m3  atm,  6.25  kW)  for  (a)  non- 
premixed  and  (b)  premixed  modes. 


(a)  Non-premixed  (b)  Premixed 
(0=0.8)  (0=0.8) 

Fig.  18.  OH*  images  for  CDC  combustor  (85  MW/m3  atm,  6.25  kW)  for  (a)  non- 
premixed  and  (b)  premixed  modes. 


This  suggests  that  reverse  cross-flow  configuration  could  be  fur¬ 
ther  investigated  to  achieve  enhanced  performance  of  the  CDC 
combustor  with  near  zero  pollutants  emission.  The  selected  geom¬ 
etry  operating  under  reverse  cross-flow  configuration  is  shown  in 
Fig.  16.  The  depth  of  the  combustor  for  reverse  cross-flow  geome¬ 
try  was  reduced  (see  Fig.  16b)  from  the  previously  examined 
geometry  (see  Fig.  14g  and  h)  to  result  in  higher  thermal  intensity 
range  of  53-85  MW/m3  atm.  The  fuel  injection  location  was  shifted 
closer  to  the  air  injection  location  in  order  to  enhance  the  mixing 
and  achieve  even  better  combustion  characteristics  (see  Fig.  16b) 
as  compared  to  fuel  injection  location  for  the  flow  configuration 
‘RC1’  (see  Fig.  14i).  The  air  injection  diameter  was  increased  as 
compared  to  the  one  used  in  previous  investigation  to  help  reduce 
the  pressure  drop  across  the  combustor. 

The  air  inlet  temperature  was  increased  from  300  K  to  600  K  to 
simulate  air  preheats  due  to  near  isentropic  compression  in  the  gas 
turbine  compressor.  The  air  flow  rate  was  kept  constant;  however, 
the  fuel  flow  rate  was  changed  to  simulate  different  power  setting 
of  the  gas  turbine  combustor.  It  may  be  noted  that  in  the  previous 
investigations  reported  in  this  paper  the  heat  load  (thermal  inten¬ 
sity)  was  kept  constant;  however,  in  the  present  investigation  the 
heat  load  as  well  as  thermal  intensity  was  changed  with  the 
change  in  equivalence  ratio.  This  resulted  in  combustor  operation 
at  heat  load  variation  from  6.25  to  3.91  kW  for  equivalence  ratio 
variation  from  0.8  to  0.5.  The  thermal  intensity  was  varied  from 
85  to  53  MW/m3  atm.  Air  injection  velocity  was  92  m/s  at  600  K 
and  fuel  injection  velocity  was  varied  from  97  to  61  m/s  for  equiv¬ 
alence  ratio  variation  of  0.8-0.5.  The  details  of  the  experimental 
conditions  can  be  found  elsewhere  [31], 

Global  reaction  zone  photographs  at  equivalence  ratio  of  0.8  for 
both  non-premixed  and  premixed  modes  of  colorless  distributed 
combustion  (CDC)  are  shown  in  Fig.  17.  In  the  novel  non-premixed 
mode  bluish  region  near  the  location  of  fuel  injection  could  be  ob¬ 
served  suggesting  the  presence  of  reaction  zone.  Almost  colorless 
reaction  zone  is  observed  for  the  novel  premixed  flow  mode  where 
higher  glow  from  combustor  walls  could  be  observed. 

Fig.  18  shows  the  location  of  reaction  zone  (OH*  chemilumines¬ 
cence)  in  the  non-premixed  and  premixed  flow  modes  for  the  CDC 
combustor  at  equivalence  ratio  of  0.8.  From  the  figure  it  can  be  ob¬ 
served  that  the  reaction  zone  is  stabilized  where  fuel  mixes  with 
the  air  jet  in  cross-flow  along  with  the  hot  gases.  For  the  non-pre¬ 
mixed  mode  the  OH*  intensity  is  much  higher  as  compared  to  the 
premixed  flow  mode  suggesting  that  the  reaction  zone  is  operating 
at  higher  equivalence  ratio  in  the  non-premixed  mode  as  com¬ 
pared  to  the  overall  equivalence  ratio  (as  in  premixed  mode  case) 
and  that  further  improvements  in  mixing  are  possible  for  our  quest 
to  achieve  even  lower  NO  and  CO  emissions  in  the  non-premixed 
mode.  It  may  also  be  noted  that  the  reaction  zone  is  present  in  a 
limited  region  of  the  combustor  and  this  suggests  that  further  in¬ 
crease  in  thermal  intensity  is  possible  so  that  the  reaction  zone 
occupies  almost  complete  combustor.  This  is  an  area  of  active 
examination  by  our  group. 

The  emissions  for  the  both  non-premixed  and  premixed  flow 
modes  at  air  preheat  temperature  of  600  K  are  shown  in  Fig.  19. 
Higher  air  preheat  temperature  (600  1<  vs  300  I<)  resulted  in  exten¬ 
sion  of  lean  operational  limit  of  the  combustor  so  that  the  combus¬ 
tor  could  be  operated  at  equivalence  ratio  of  0.5  in  both  the 
premixed  and  non-premixed  modes.  At  this  operating  condition 
the  NO  emission  was  about  4  ppm  in  the  non-premixed  mode, 
about  1  ppm  in  the  premixed  mode  and  CO  emission  were  about 
30  ppm  in  both  the  non-premixed  and  premixed  flow  modes.  The 
pressure  drop  across  the  combustor  was  less  than  5%  with  pressure 
fluctuations  of  less  than  0.025%  [31  ].  These  results  suggest  that  the 
combustor  could  be  operated  at  thermal  intensity  of  53  MW/ 
m3  atm  to  provide  very  low  NO  and  CO  emission  in  addition  to 
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—♦—Non-Pmix  — Pmix 


Equivalence  Ratio 


(a)  NO  emissions 

Fig.  19.  (a)  NO  and  (b)  CO  emissions  in  non-premixed  and  premixed 


—♦—Non-Pmix  —♦—Pmix 


Equivalence  Ratio 

(b)  CO  emissions 

for  the  CDC  combustor  (53-85  MW/m3  atm,  3.91-6.25  kW). 


Fig.  20.  (a)  High  thermal  intensity  CDC  combustor  and  schematic  for,  (b)  156-198  MW/m3  atm,  4.3-5.47  kW,  (c)  283-453  MW/m3  atm,  3.9-6.25  kW,  (d)  non-premixed  and 
(e)  premixed  mode. 


low  pressure  drop  across  the  combustor  with  low  pressure 
fluctuations. 

6.2.  Combustor  operation  at  156-198  MW/m 3  atm  and  283-453  MW/ 
m3  atm 

Further  increase  in  thermal  intensity  was  achieved  by  reduc¬ 
ing  the  length  as  well  as  the  width  of  the  combustor  (see 
Fig.  20b  and  c)  as  compared  to  previous  case  (see  Fig.  16b)  for 
the  reverse  cross-flow  geometry.  It  may  be  noted  that  the  width 
of  the  combustor  was  reduced  to  help  alleviate  zones  on  the  left 
side  of  air  jet  as  well  as  from  the  right  side  of  the  combustor.  The 
region  on  left  side  of  the  air  jet  was  observed  to  recirculate  gases 
which  could  be  detrimental  to  combustor  performance  [31],  The 
combustor  operating  at  thermal  intensity  range  of  283- 
453  MW/m3  atm  (Fig.  16c)  had  half  the  depth  of  combustor  oper¬ 
ating  at  thermal  intensity  range  of  156-198  MW/m3  atm 
(Fig.  16b).  The  combustor  operating  at  thermal  intensity  range 
of  156-198  MW/m3  atm  had  equivalence  ratio  variation  of 


0.55-0.7  and  heat  load  range  of  4.3-5.47  kW.  The  combustor 
operating  at  thermal  intensity  range  of  283-453  MW/m3  atm 
had  equivalence  ratio  variation  of  0.5-0.8  and  heat  load  range 
of  3.9-6.25  kW.  For  both  the  combustors  the  fuel  injection  loca¬ 
tion  was  shifted  further  towards  the  air  injection  location  (see 
Fig.  20b)  to  enhance  mixing  as  compared  to  the  geometry  exam¬ 
ined  earlier  (see  Fig.  16b).  Air  injection  velocity  was  92  m/s  and 
the  air  injection  temperature  was  600  K.  The  fuel  injection  diam¬ 
eter  for  the  higher  thermal  intensity  combustor  was  increased  to 
reduce  the  jet  velocity  and  hence  reduce  the  distortion  of  the  air 
jet  in  cross  flow  [33],  Further  details  of  experimental  conditions 
can  be  found  elsewhere  [32,33], 

The  emission  levels  of  NO  and  CO  for  both  the  high  intensity 
combustors  are  presented  in  Fig.  21.  It  can  be  observed  that  at 
equivalence  ratio  of  0.6,  corresponding  to  thermal  intensity  of 
170  MW/m3  atm,  the  combustor  produced  8  ppm  NO  in  non-pre¬ 
mixed  mode  and  3  ppm  in  premixed  mode,  and  about  100  ppm 
CO  in  both  the  modes.  For  higher  thermal  intensity  combustor 
operating  at  340  MW/m3  atm  at  equivalence  ratio  of  0.6,  the 
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Non-Pmix  — Pmix 


Equivalence  Ratio 

(a)  NO  emissions  (156-198MW/m3-atm) 


(c)  NO  emissions  (283-453MW/m3-atm) 


Non-Pmix  — *—  Pmix 


Equivalence  Ratio 

(b)  CO  emissions  (156-198MW/m3-atm) 


Equivalence  Ratio 


(d)  CO  emissions  (283-453MW/m3-atm) 


(e)  UHC  emissions  (283-453MW/m3-atm) 


(f)  OH*  for  Non- 
Premixed  (0=0.8) 


(g)  OH*  for 
Premixed  (0=0.8) 


Fig.  21.  NO  and  CO  emissions  in  non-premixed  and  premixed  conditions  for  thermal  intensity  range  from  (a  and  b)  156-198  MW/m3  atm,  4.3-5.47  kW,  (c  and  d)  283- 
453  MW/m3  atm,  3.9-6.25  lcW,  (e)  UHC  emissions  and  (f  and  g)  OH*  distribution. 


combustor  produced  4  ppm  NO  in  non-premixed  mode  and  2  ppm 
in  premixed  mode,  and  about  100  ppm  CO  in  both  the  modes.  It 
may  be  noted  that  at  thermal  intensity  of  144  MW/m3  atm  the 
NO  emission  level  was  52  ppm  and  CO  emission  level  was 
520  ppm  for  the  trapped  vortex  combustor  [22].  Unburned  hydro¬ 
carbons  (UHC)  were  also  measured  for  combustor  operating  at 
thermal  intensity  range  of  283-453  MW/m3  atm.  The  results 
showed  less  than  10  ppm  UHC  emission  level  at  equivalence  ratio 
of  0.6  and  thermal  intensity  of  340  MW/m3  atm,  see  Fig.  21e.  OH* 
distribution  for  both  non-premixed  and  premixed  cases  is  shown 
in  Fig.  21  f  and  g.  It  can  be  observed  that  for  both  the  cases  reaction 
zone  occupies  almost  the  complete  volume  of  the  combustor  sug¬ 
gesting  very  high  thermal  intensity.  Continued  development  on  the 
distributed  combustion  will  help  achieve  our  goal  of  near  zero 
emissions  of  all  the  pollutants  from  the  fuel  to  energy  thermal  con¬ 
version  in  gas  turbine  applications. 


7.  Role  of  thermal  intensity  variation  of  5-340  MW/m3  atm 

The  effect  of  thermal  intensity  variation  on  the  operation  of  CDC 
combustors  which  were  discussed  in  previous  sections  is  discussed 
by  comparing  different  reverse  flow  geometries  operating  at  ther¬ 
mal  intensities  in  the  range  of  5-340  MW/m3  atm.  These  combus¬ 
tors  are  compared  in  premixed  mode  of  operation  to  avoid  the 
effect  of  fuel/air  mixing  on  combustion  characteristics  and  hence 
only  the  effect  of  thermal  intensity  can  be  examined.  Inlet  temper¬ 
ature  of  air  and  fuel  mixture  was  same  and  equal  to  300  K  for  all 
the  cases.  The  combustor  at  340  MW/m3  atm  at  air  and  fuel  mix¬ 
ture  inlet  temperature  of  300  K  was  not  able  to  sustain  stable  com¬ 
bustion  at  these  conditions  and  hence  the  corresponding  results 
are  not  included  here.  The  geometries  which  were  able  to  support 
stable  combustion  are  shown  in  Fig.  22.  The  corresponding  heat 
load  and  inlet  velocity  are  also  included.  Note  that  the  thermal 
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Fig.  22.  Reverse  flow  configurations  investigated  for  premixed  mode  at  thermal  intensity  range  from  5  to  198  MW/m3  atm  at  equivalence  ratio  of  0.7. 


Fig.  23.  (a)  NO  and  (b)  CO  emissions  for  premixed  flow  mode  corresponding  to  thermal  intensity  range  of  5-198  MW/m3  atm. 


intensity  is  provided  for  equivalence  ratio  of  0.7  and  0.8.  For  com¬ 
bustors  shown  in  Fig.  22d  and  f  thermal  intensity  is  different  at 
equivalence  ratio  of  0.7  and  0.8,  and  this  is  because  for  these  cases 
the  fuel  flow  rate  was  varied  while  keeping  the  air  flow  rate  same. 
However,  for  other  combustors  air  flow  rate  was  varied  while  fuel 
flow  rate  was  kept  same  to  achieve  different  equivalence  ratios, 
and  hence  for  these  cases  thermal  intensity  is  same  at  the  two 
equivalence  ratios. 

Emission  levels  were  measured  at  equivalence  ratio  of  0.7. 
Fig.  23  shows  NO  and  CO  emissions  at  equivalence  ratio  of  0.7 
for  the  range  of  thermal  intensity  investigated.  From  the  figure  it 
can  be  seen  that  the  NO  emissions  are  very  low  (less  than 
3  ppm)  for  all  the  cases;  however,  there  is  a  significant  variation 


in  CO  emissions.  NO  emission  increases  with  increase  in  thermal 
intensity  and  this  may  be  due  to  relatively  lower  heat  losses  at 
higher  thermal  intensity  resulting  in  higher  gas  temperatures 
and  subsequently  higher  NO  emissions.  At  thermal  intensity  of 
5  MW/m3  atm  CO  emission  is  only  10  ppm  and  it  increases  to 
64  ppm  at  thermal  intensity  of  28  MW/m3  atm  and  to  96  ppm  at 
thermal  intensity  of  57  MW/m3  atm.  It  may  be  noted  that  the  air 
injection  temperature,  injection  velocity  as  well  as  the  injection 
diameter  is  same  for  these  three  cases.  This  increase  in  CO  is  pos¬ 
sibly  due  to  lower  residence  time  at  higher  thermal  intensities  (re¬ 
fer  Fig.  5a). 

The  average  residence  time  for  different  combustors  is  shown  in 
Fig.  24a  and  from  the  figure  it  can  be  noted  that  the  residence  time 
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5  28  57  74  85  198 

Thermal  intensity  (MW/m3-atm) 


5  28  57  74  85  198 


Thermal  intensity  (MW/m3-atm) 


(a)  Average  residence  time 
(perfectly  stirred  reactor,  0=0.8) 


(b)  Confinement  ratio  (D=air  injection 
diameter,  D_con=confinement  length 
scale=depth  of  combustor) 


Fig.  24.  (a)  Average  residence  time  and  (b)  confinement  ratio  for  different  combustors  at  thermal  intensity  range  from  5  to  227  MW/m3  atm. 


decreases  from  76  to  6.7  ms  with  increase  in  thermal  intensity 
from  5  to  57  MW/m3  atm.  Residence  time  characteristics  were  ob¬ 
tained  numerically  at  equivalence  ratio  of  0.8.  Residence  time  dis¬ 
tribution  is  shown  in  Fig.  25a  and  b.  From  residence  time 
distribution  plots  also  it  can  be  noted  that  the  combustor  with 
higher  thermal  intensity  has  higher  fraction  of  gases  having  lower 
residence  time,  which  will  further  result  in  higher  CO  emissions 
(see  Fig.  5b). 

However,  an  interesting  trend  can  be  observed  with  respect  to 
CO  emission  as  the  thermal  intensity  is  increased  from  57  MW/ 
m3atm  (see  Fig.  22c)  to  85  MW/m3  atm  (see  Fig.  22e).  In  this  case 


1  10  100  1000  10000 
Time  (ms) 

(a)  Tracer  exit  mass  fraction  profile  for  5,  28,  57 
and  85MW/m3-atm  combustors  (0=0.8) 


1  10  100  1000 
Time  (ms) 

(c)  Tracer  exit  mass  fraction  profile  for  85  and 
227MW/m3-atm  combustors  (0=0.8) 


even  though  the  residence  time  decreases  from  6.7  ms  to  4.5  ms 
the  CO  emission  decreases  from  96  ppm  to  65  ppm.  At  higher  ther¬ 
mal  intensity  the  effect  of  confinement  is  expected  to  play  an 
important  role  on  the  flow  field  inside  the  combustor.  The  confine¬ 
ment  ratio  (ratio  of  air  injection  diameter  and  confinement  depth) 
for  different  combustors  is  presented  in  Fig.  24b.  It  can  be  observed 
that  as  the  thermal  intensity  is  increased  from  57  MW/m3  atm  to 
85  MW/m3  atm  the  confinement  ratio  increases  from  0.13  to 
0.19.  At  thermal  intensity  of  5  MW/m3  atm  the  confinement  ratio 
was  only  0.03  and  the  jets  is  expected  to  behave  closer  to  a  free 
jet.  From  Fig.  5c  we  can  observe  that  at  confinement  ratio  of  about 


. 5  . 28  - 57  - 85 

5psr  28psr  57psr  85psr 


(b)  Residence  time  frequency  distribution  for  5, 
28,  57  and  85MW/m3-atm  combustors  (0=0.8) 


(d)  Residence  time  frequency  distribution  for  85 
and  227MW/m3-atm  combustors  (0=0.8) 


Fig.  25.  Residence  time  characteristics  for  the  reverse  flow  combustors  investigated,  psr  =  perfectly  stirred  reactor. 
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Fig.  26.  OH'  distribution  at  thermal  intensity  of  (a)  57  MW/m3  atm,  6.27  kW  and 
(b)  85  MW/m3  atm,  6.25  kW. 


0.1  the  jet  decay  is  very  similar  to  the  free  jet  decay,  however,  as 
the  confinement  ratio  is  increased  to  0.2  and  0.3  the  jet  decay  is 
much  more  rapid.  This  suggests  that  as  the  confinement  ratio  is  in¬ 
creased  the  jet  decay  is  very  fast  and  this  may  result  in  anchoring 
of  reaction  zone  closer  to  the  air  injection  location.  Location  of 
reaction  zone  can  be  obtained  from  the  OH*  chemiluminescence 
imaging  technique  and  the  results  are  reported  in  Fig.  26.  OH*  dis¬ 
tribution  were  obtained  at  equivalence  ratio  of  0.8.  A  shift  of  reac¬ 
tion  zone  towards  the  air  injection  location  for  thermal  intensity  of 
85  MW/m3  atm  (see  Fig.  26b)  as  compared  to  the  thermal  intensity 
of  57  MW/m3  atm  (see  Fig.  26a)  can  be  observed.  This  shift  in  reac¬ 
tion  zone  may  result  in  longer  residence  time  available  for  the  hot 
gases  before  escaping  from  the  combustor  to  subsequently  result 
in  lower  CO  emissions.  Hence  with  careful  design  of  the  combustor 
lower  CO  emissions  could  be  achieved  even  at  higher  thermal 
intensities. 

With  increase  in  air  injection  diameter  (see  Fig.  22d  and  f)  the 
confinement  ratio  is  further  increased  to  0.3  and  this  result  in 
lower  CO  emission  (34  ppm  at  thermal  intensity  of  74  MW/ 
m3  atm).  Hence  an  increase  in  the  air  injection  diameter  can  pro¬ 
vide  beneficial  role  to  not  only  reduce  the  pressure  drop  across 
the  combustor  but  also  to  move  reaction  zone  closer  to  the  air 
injection  location  and  increase  the  residence  time  of  gases  inside 
the  combustor.  This  can  be  also  be  observed  from  the  residence 
time  profiles  shown  in  Fig.  25c  and  d.  For  the  cases  with  same 
thermal  intensity  (85  MW/m3  atm  at  equivalence  ratio  of  0.8) 
but  different  air  injection  diameter  (3/16  in.  vs  5/16  in.)  the  com¬ 
bustor  having  larger  air  injection  diameter  has  lower  fraction  of 
gases  having  lower  residence  time.  Note  that  the  case  85-5/16 
corresponds  to  thermal  intensity  of  74  MW/m3  atm  at  equiva¬ 
lence  ratio  of  0.7  (see  Fig.  22d). 

Comparing  the  case  of  combustor  operating  at  thermal  intensity 
of  74  MW/m3  atm  and  198  MW/m3  atm  (see  Fig.  22d  and  f  respec¬ 
tively)  one  can  observe  that  CO  emission  increases  from  34  ppm  to 
124  ppm,  respectively.  It  can  be  noted  that  for  these  two  cases  the 


confinement  ratio  is  the  same  (about  0.31)  and  hence  increase  in 
thermal  intensity  resulted  in  smaller  residence  time  (2.2  ms  as 
compared  to  4.5  ms)  that  will  result  in  higher  CO  emissions,  as  ob¬ 
served  here.  It  may  be  noted  that  increase  in  thermal  intensity  also 
reduces  the  gas  recirculation  significantly  and  this  may  affect  the 
stability  characteristics  and  operational  range  of  the  CDC  combus¬ 
tor  (see  Fig.  5c).  As  mentioned  earlier,  the  combustor  at  340  MW/ 
m3  atm,  with  air  inlet  temperature  of  300  K,  was  not  able  to  sustain 
stable  combustion  and  this  suggest  that  increase  in  thermal  inten¬ 
sity  can  be  realized  only  up  to  certain  thermal  intensities.  A  ther¬ 
mal  intensity  of  340  MW/m3  atm  is  about  an  order  of  magnitude 
higher  than  that  used  in  current  gas  turbine  engines. 


8.  Conclusions 

Role  of  thermal  intensity  variation  from  5  to  453  MW/m3  atm  has 
been  investigated  under  both  premixed  and  non-premixed  flow 
modes  with  the  focus  to  further  develop  distributed  combustion 
conditions.  Development  of  high  thermal  intensity  distributed  com¬ 
bustion  with  no  visible  signatures  (colorless  distributed  combustion 
(CDC))  or  green  combustion  turbine  (having  green  color  flame)  for 
gas  turbine  applications  requires  careful  design  consideration  on 
the  role  of  various  input  and  operational  parameters  for  ultra-low 
NOx  and  CO  emissions.  Different  flow  configurations  such  as  forward 
and  reverse  flow  have  been  discussed  in  this  investigation.  It  was  ob¬ 
served  that  the  operation  of  combustor  at  higher  thermal  intensity 
results  in  lower  residence  time  and  lower  gas  recirculation  to  pose 
the  problem  of  flame  stabilization  and  sustained  combustion  and  re¬ 
sults  in  higher  CO  emissions.  The  reverse  flow  configuration  results 
in  favorable  residence  time  distribution  which  helps  to  reduce  CO 
emission  levels.  Favorable  location  of  the  reaction  zone  and  advanta¬ 
geous  residence  time  distribution  was  observed  to  result  in  ultra- 
low  CO  emissions  even  at  high  thermal  intensities.  In  non-premixed 
mode  the  fuel  injection  in  cross-flow  resulted  in  faster  mixing  be¬ 
tween  the  fuel  and  oxidizer  to  result  in  lower  NO  and  CO  emissions. 
A  systematic  examination  of  the  flow  configurations  resulted  in 
desirable  combustion  characteristics  even  at  very  high  thermal 
intensities  of  up  to  453  MW/m3  atm  for  improved  performance 
and  low  emissions.  The  high  thermal  intensity  combustor  operating 
atthermal  intensity  of340  MW/m3  atm  in  reverse  cross-flow  config¬ 
uration  resulted  in  very  low  NO  (about  4  ppm  in  non-premixed  and 
2  ppm  in  premixed)  and  CO  emissions  (about  100  ppm  in  both 
modes).  At  such  high  thermal  intensity  the  reaction  zone  was  ob¬ 
served  to  be  present  in  entire  combustor.  Our  continued  efforts  have 
shown  near  zero  emissions  at  high  combustion  intensities  that  are 
commensurable  with  currently  used  combustion  intensities  in  gas 
turbine  combustors. 
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Appendix  A.  Operational  characteristics  of  low  emission 
combustor 

See  Tables  1  and  2. 
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Table  1 

Combustor  designs  reported  in  literature. 


FB  A 


FAB 


(1 )  MILD.  Weber  et  al.,  1FRF,  2005 
Configuration  FS 


(2)  FLOX,  Colorado  et  al..  U 
Antioquia,  2010 
RS 


(3)  HiTAC,  Gupta  et  al.,  NFK,  2003  (4)  FLOX.  Wunning  et  al.,  WS  GmbH. 

1997 

FS  RS 


Thermal 

0.02  MW/m3-atm 

0.05  MW/m3-atm 

0.06  MW/m3-atm 

0.07  MW/m3-atm 

intensity 
Heat  load 

580  kW 

20  kW 

58  kW 

200  kW 

Fuel 

Natural  gas 

Natural  gas 

Natural  gas 

Natural  gas 

Pressure 

1  atm 

1  atm 

1  atm 

1  atm 

Air  velocity 

85  m/s 

79  m/s 

74  m/s 

- 

Fuel  velocity 

1 00  m/s 

81  m/s 

40  m/s 

- 

Air  diameter 

124  mm 

24.4  mm 

29.1  mm 

- 

Fuel  diameter 

11.3  mm 

3.2  mm 

2.7  mm 

- 

Tair  (D/U) 

1 .46  ms 

0.309  ms 

0.393  ms 

- 

^fuel  (D/U) 

0.113  ms 

0.040 

0.068  ms 

- 

Air 

temperature 

1600  K 

810  K 

1400  I< 

1100K 

Fuel 

temperature 

300  K 

300  K 

300  K 

300  I< 

N0X@15%02 

9  ppm  (0  =  1) 

1  ppm  (0  =  0.8) 

44  ppm  (0  =  0.8) 

11  ppm  (0  =  0.9) 

C0@15%02 

<10 ppm  (0=1) 

<10  ppm  (0  =  0.8) 

- 

- 

T 


n  n 


Hi 


7K 


150” 


E— I 

o  o  ol 


F  B 

m 

n 


150” 


v 


■  « •  j 


(5)  HiTAC,  Gupta  et  al.,  NFK,  2003  (6)  HiTAC,  Gupta  et  al.,  NFK,  2003 


(7)  FODI,  Sobiesiak  et  al.,  Queen’s,  (8)  FODI,  He  et  al.,  Queen’s,  2008 
1998 


Configuration 

FS 

FO 

FS 

RS 

Thermal 

0.1  MW/m3-atm 

0.1  MW/m3-atm 

0.1  MW/m3-atm 

0.1  MW/m3-atm 

intensity 
Heat  load 

350  kW 

350  kW 

368  kW 

32  kW 

Fuel 

Natural  gas 

Natural  gas 

Natural  gas 

Natural  gas 

Pressure 

1  atm 

1  atm 

1  atm 

1  atm 

Air  velocity 

- 

- 

145  m/s 

118  m/s 

Fuel  velocity 

- 

- 

51  m/s 

41  m/s 

Air  diameter 

- 

- 

19.1  mm 

12.7  mm 

Fuel  diameter 

- 

- 

6.35  mm 

5.4  mm 

Tair  (D/U) 

- 

- 

0.131  ms 

0.107  ms 

Tfuel  (D/U) 

- 

- 

0.125  ms 

0.132  ms 

Air 

temperature 

1400  K 

1400  K 

650  K 

324  K 

Fuel 

temperature 

300  K 

300 1< 

300  K 

288  K 

N0X@15%02 

9  ppm  (0  =  0.8) 

8  ppm  (0  =  0.8) 

12  ppm  (<P  =  0.8) 

3  ppm  (0  =  0.6) 

C0@15%02 

<10  ppm  (0  =  0.8) 

10  ppm  (0  =  0.8) 

- 

34  ppm  (0  =  0.6) 
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Table  1  ( continued ) 


ifi 

A 

-m 

r 

7\  B 

1 

1 

C 

1 

23” 

19” 

_ 

V 

^ — 

v 

.  >UK 

118” 


i  A  F  ' 


0 


(9)  PAWC,  Yetter  et  al.,  Princeton,  (10)  MILD,  Mi  et  al.,  U.  Ad.  2009  (11)  MILD,  Dally  et  al.,  U.  Ad.,  (12)  FLOX,  Xing  et  al.,  UST  China, 


Configuration 

2000 

SWIRL 

RS 

2004 

RS 

2007 

FS  (coaxial) 

Thermal 

0.1  MW/m3-atm 

0.2  MW/m3-atm 

0.2  MW/m3-atm 

0.3  MW/m3-atm 

intensity 
Heat  load 

0.54  kW 

10  kW 

7  kW 

1 000  kW 

Fuel 

Methane 

Natural  gas 

Methane 

Natural  gas 

Pressure 

1  atm 

1  atm 

1  atm 

1  atm 

Air  velocity 

17  m/s 

21  m/s 

85  m/s 

- 

Fuel  velocity 

1  m/s 

10  m/s 

15  m/s 

63  m/s 

Air  diameter 

11.2  mm 

4.4  mm 

5  mm 

- 

Fuel  diameter 

4.8  mm 

7.2  mm 

4  mm 

- 

Tair  (D/U) 

0.658  ms 

0.210  ms 

0.059  ms 

- 

^fuel  (D/U) 

4.8  ms 

0.720  ms 

0.267  ms 

- 

Air 

temperature 

300  K 

723  K 

1352  K 

300  K 

Fuel 

temperature 

300  K 

293  K 

300  I< 

300  I< 

N0x@15%02 

5  ppm  (<P  =  0.1) 

1  ppm  (0  =  0.8) 

7  ppm  (0  =  0.8) 

26  ppm  (0  =  0.9) 

C0@15%02 

225  ppm  (0  =  0.1) 

<10  ppm  (0  =  0.8) 

- 

<10  ppm  (0  =  0.9) 

AB  F 

B 

B 

B 

Configuration 

(13)  MILD,  Szego  et  al.,  U.  Ad., 
2009 

RS 

(14)  FLOX,  Verissimo  et  al.,  TU 
Lisbon,  2011 

FLOX 

(15)  HILE,  Kumar  et  al.,  IISc,  2005 

FS 

(16)  HILE,  Kumar  et  al.,  IISc,  2002 

FS 

Thermal 

0.3  MW/m3-atm 

3.8  MW/m3-atm 

5.6  MW/m3-atm 

10  MW/m3-atm 

intensity 
Heat  load 

15  kW 

10  kW 

150  kW 

3  kW 

Fuel 

Natural  gas 

Methane 

LPG 

LPG 

Pressure 

1  atm 

1  atm 

1  atm 

1  atm 

Air  velocity 

20  m/s 

96  m/s 

95  m/s 

79  m/s 

Fuel  velocity 

40  m/s 

6.2  m/s 

243  m/s 

60  m/s 

Air  diameter 

26.6  mm 

10  mm 

5  mm 

2  mm 

Fuel  diameter 

2  mm 

2  mm 

0.7  mm 

0.5  mm 

Tair  (D/U) 

1.33  ms 

0.104  ms 

0.052  ms 

0.025  ms 

Tfuel  (D/U) 

0.05  ms 

0.323  ms 

0.003  ms 

0.008  ms 

Air 

temperature 

723  K 

973  K 

300 1< 

300  K 

Fuel 

temperature 

293  K 

300  K 

300  K 

300  I< 

N0x@15%02 

14  ppm  (<P  =  0.8) 

4  ppm  (0  =  0.9) 

7.5  ppm  (0  =  1) 

4  ppm  (0  =  0.9) 

C0@15%02 

<100  ppm  (0  =  0.8) 

12  ppm  (0  =  0.9) 

2900  ppm  (0  =  1) 

2200  ppm  (0  =  0.9) 

( continued  on  next  page ) 


950 


V.K.  Arghode,  A.K.  Gupta / Applied  Energy  111  (2013)  930-956 
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Configuration 

(17)  FLOX,  Luckerath  et  al.,  DLR, 
2008 

FS  (coaxial) 

(18)  DLN-2.6,  Vandervort,  2001 

SWIRL  (Premixed) 

(19)  SPRF,  Bobba  et  al.,  GA-Tech, 
2008 

RS  (coaxial) 

(20)  SPRF,  Bobba  ei 
2008 

RP 

Thermal 

14  MW/m3-atm 

15  MW/m3-atm 

20  MW/m3-atm 

20  MW/m3-atm 

intensity 

Heat  load 

475  kW 

46,000  kW 

20  kW 

20  kW 

Fuel 

Natural  gas 

Natural  gas 

Natural  gas 

Natural  gas 

Pressure 

20  atm 

16  atm 

1  atm 

1  atm 

Air  velocity 

160  m/s 

70  m/s 

110  m/s 

120  m/s 

Fuel  velocity 

78  m/s 

- 

30  m/s 

- 

Air  diameter 

4.5  mm 

- 

6.35  mm 

6.35  mm 

Fuel  diameter 

1  mm 

- 

4.7  mm 

- 

Tair  (D/U) 

0.028  ms 

- 

0.058  ms 

0.053  ms 

Tfuel  (D/U) 

0.013  ms 

- 

0.157  ms 

- 

Air 

temperature 

735  K 

631  K 

450  K 

450  K 

Fuel 

temperature 

300  K 

- 

450  K 

N0X@15%02 

1  ppm  (<P  =  0.4) 

<9  ppm  (<P  =  0.4) 

1  ppm  (<P  =  0.5) 

1  ppm  (4>  =  0.5) 

C0@15%02 

<10  ppm  (<P  =  0.4) 

<10  ppm  (<P  =  0.4) 

<10  ppm  (<2>  =  0.5) 

<10  ppm  (<P  =  0.5) 

(21 )  RQL/TVC,  Straub  et  al.,  NETL,  (22)  TVC,  Melo  et  al.,  Technion,  2009  (23)  FLOX,  Lammel  et  al.,  DLR,  (24)  JSR,  Shuman  et  al., 


Configuration 

2005 

RO 

RO 

2010 

FP 

UWashington,  2000 

RP 

Thermal 

20  MW/m3-atm 

25  MW/m3-atm 

68  MW/m3-atm 

90  MW/m3-atm 

intensity 

Heat  load 

700  kW 

32  kW 

750  kW 

0.85  kW 

Fuel 

Natural  gas 

Methane 

Natural  gas 

Natural  gas 

Pressure 

1 0  atm 

1  atm 

7  atm 

6.5  atm 

Air  velocity 

- 

75  m/s 

90  m/s 

80  m/s 

Fuel  velocity 

- 

83  m/s 

- 

- 

Air  diameter 

- 

4  mm 

12  mm 

1.4  mm 

Fuel  diameter 

- 

1  mm 

- 

- 

Tair  (D/U) 

- 

0.053  ms 

0.133  ms 

0.018  ms 

'Efuel  (D/U) 

- 

0.012  ms 

- 

- 

Air 

temperature 

644  K 

300  K 

673  K 

573  K 

Fuel 

temperature 

300  K 

300  K 

- 

N0X@15%02 

40  ppm  (<P  =  0.5) 

6  ppm  (<P  =  0.5) 

10  ppm  (<P  =  0.63) 

3  ppm  (<P  =  0.6) 

C0@15%02 

<10  ppm  (<P  =  0.5) 

500  ppm  (<P  =  0.5) 

<10  ppm  (<P  =  0.63) 

50  ppm  (0  =  0.6) 
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Table  1  ( continued ) 


$ 

A+F 


(26)  AVC,  Edmonds  et  al„  NETL,  2008 


Configuration 

RS 

RP 

Thermal  intensity 

144  MW/m3-atm 

- 

Heat  load 

30  kW 

1000  kW 

Fuel 

Propane 

Natural  gas 

Pressure 

1  atm 

10  atm 

Air  velocity 

48  m/s 

81  m/s 

Fuel  velocity 

17  m/s 

- 

Air  diameter 

2.29  mm 

- 

Fuel  diameter 

1.75  mm 

- 

Tair  (D/U) 

0.048  ms 

- 

Tfuel  (D/U) 

0.103  ms 

- 

Air  temperature 

300  K 

603  K 

Fuel  temperature 

300  K 

- 

N0x@15%02 

52  ppm  ( <P  =  0.2) 

4  ppm  ( <P  =  0.55) 

C0@15%02 

520  ppm  {<P  =  0.2) 

<10  ppm  {0  =  0.55) 

Table  2 

Combustor  configurations  investigated  by  Gupta,  et  al.. 


Configuration 


B 


H 


FAi 


o  o 

•  • 

o 


nil 


AF  i 


I V^J 

11 


A 


a 


(1)  CDC,  Gupta  et  al.,  UMD,  2010  (2)  CDC,  Gupta  et  al.,  UMD,  2010  (3)  CDC,  Gupta  et  al.,  UMD,  2010 

FS  FS  FO 


(4)  CDC,  Gupta  et  al.,  UMD,  2010 
FP 


Thermal  intensity 

5  MW/m3-atm 

5  MW/m3-atm 

5  MW/m3-atm 

5  MW/m3-atm 

Heat  load 

25  kW 

25  kW 

25  kW 

25  kW 

Fuel 

Methane 

Methane 

Methane 

Methane 

Pressure 

1  atm 

1  atm 

1  atm 

1  atm 

Air  velocity 

128  m/s 

128  m/s 

128  m/s 

139  m/s 

Fuel  velocity 

97  m/s 

97  m/s 

97  m/s 

- 

Air  diameter 

4.8  mm 

4.8  mm 

4.8  mm 

4.8  mm 

Fuel  diameter 

1.6  mm 

1.6  mm 

1.6  mm 

- 

Tair  (D/U) 

0.038  ms 

0.038  ms 

0.038  ms 

0.035  ms 

tfiiel  (D/U) 

0.016  ms 

0.016  ms 

0.016  ms 

- 

Air  temperature 

300  K 

300  K 

300  K 

300  K 

Fuel  temperature 

300  K 

300  K 

300  K 

- 

N0@15%02 

7  ppm  =  0.8) 

3  ppm  (0  =  0.8) 

6  ppm  (<P  =  0.8) 

1  ppm  (^  =  0.8) 

C0@15%02 

33  ppm  =  0.8) 

289  ppm  {<P  =  0.8) 

204  ppm  (4>  =  0.8) 

35  ppm  (3>  =  0.8) 
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Configuration 


(5)  CDC,  Gupta  et  al.,  UMD,  2010  (6)  CDC,  Gupta  et  al.,  UMD,  2010  (7)  CDC,  Gupta  et  al.,  UMD,  2010 

FP  RS  RO 


•  • 


O 

«  • 

(8)  CDC,  Gupta  et  al,  UMD,  2010 

RP 


Thermal  intensity 

5  MW/m3-atm 

5  MW/m3-atm 

Heat  load 

25  kW 

25  kW 

Fuel 

Methane 

Methane 

Pressure 

1  atm 

1  atm 

Air  velocity 

139  m/s 

128  m/s 

Fuel  velocity 

- 

97  m/s 

Air  diameter 

4.8  mm 

4.8  mm 

Fuel  diameter 

- 

1.6  mm 

Tair(D/U) 

0.035  ms 

0.038  ms 

^fuel  (D/U) 

- 

0.016  ms 

Air  temperature 

300  K 

300  K 

Fuel  temperature 

- 

300  K 

N0@15%02 

2  ppm  (#  =  0.8) 

11  ppm  (#  =  0.8) 

C0@15%02 

663  ppm  (#  =  0.8) 

208  ppm  (#  =  0.8) 

5  MW/m3-atm 
25  kW 
Methane 
1  atm 
128  m/s 
97  m/s 
4.8  mm 
1.6  mm 
0.038  ms 
0.016  ms 
300  I< 

300  I< 

9  ppm  (#  =  0.8) 
38  ppm  (#  =  0.8) 


5  MW/m3-atm 
25  kW 
Methane 
1  atm 
139  m/s 

4.8  mm 

0.035  ms 

300  K 

1  ppm  (#  =  0.8) 
5  ppm  (#  =  0.8) 


Configuration 


41 _ H 

FA! 

o  o 

t  • 

o 

•  • 

o  o 


(9)  CDC,  Gupta  et  al.,  UMD,  2010 
FS1 


e- 

4t 

J± 

FAi 


O.  .0 

O 

o_ _ °_0 

(10)  CDC,  Gupta  et  al.,  UMD,  2010 
FS1 


rr^i 


(11)  CDC,  Gupta  et  al.,  UMD,  2010 
FS1 


(12)  CDC,  Gupta  et  al.,  UMD,  2010 
FS1 


Thermal  intensity 

5  MW/m3-atm 

5  MW/m3-atm 

5  MW/m3-atm 

5  MW/m3-atm 

Heat  load 

25  kW 

25  kW 

25  kW 

25  kW 

Fuel 

Methane 

Methane 

Methane 

Methane 

Pressure 

1  atm 

1  atm 

1  atm 

1  atm 

Air  velocity 

46  m/s 

24  m/s 

128  m/s 

128  m/s 

Fuel  velocity 

97  m/s 

97  m/s 

24  m/s 

11  m/s 

Air  diameter 

mm 

mm 

4.8  mm 

4.8  mm 

Fuel  diameter 

1.6 

1.6  mm 

mm 

- 

Tair  (D/U) 

0.173  ms 

0.463  ms 

0.038  ms 

0.038  ms 

^fuel  (D/U) 

0.016 

0.016  ms 

0.132  ms 

0.433  ms 

Air  temperature 

300  K 

300  K 

300  K 

300  K 

Fuel  temperature 

300  K 

300  K 

300  K 

300  K 

N0@15%02 

11  ppm  (#  =  0.8) 

15  ppm  (#  =  0.8) 

7  ppm  (#  =  0.8) 

8  ppm  (#  =  0.8) 

C0@15%02 

98  ppm  (#  =  0.8) 

145  ppm  (#  =  0.8) 

47  ppm  (<P  =  0.8) 

70  ppm  (#  =  0.8) 
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Table  2  ( continued ) 


(13)  CDC,  Gupta  et  al.,  (14)  CDC,  Gupta  et  al.f  (15)  CDC,  Gupta  et  al.,  (16)  CDC,  Gupta  et  al.,  (17)  CDC,  Gupta  et  al., 


UMD,  2011 


UMD,  2011 


UMD,  2011 


UMD,  2011 


UMD,  2011 


Configuration  FS  FO  FP  RO  RP 


Thermal 

28  MW/m3-atm 

28  MW/m3-atm 

28  MW/m3-atm 

28  MW/m3-atm 

28  MW/m3-atm 

intensity 

Heat  load 

6.25  kW 

6.25  kW 

6.25  kW 

6.25  kW 

6.25  kW 

Fuel 

Methane 

Methane 

Methane 

Methane 

Methane 

Pressure 

1  atm 

1  atm 

1  atm 

1  atm 

1  atm 

Air  velocity 

146  m/s 

146  m/s 

157  m/s 

146  m/s 

157  m/s 

Fuel  velocity 

97  m/s 

97  m/s 

- 

97  m/s 

- 

Air  diameter 

4.8  mm 

4.8  mm 

4.8  mm 

4.8  mm 

4.8  mm 

Fuel  diameter 

1.6  mm 

1.6  mm 

- 

1.6  mm 

- 

Tair  (D/U) 

0.033  ms 

0.033  ms 

0.031  ms 

0.033  ms 

0.031  ms 

Tfuel  (D/U) 

0.016  ms 

0.016  ms 

- 

0.016  ms 

0.016  ms 

Air  temperature 

300  K 

300  K 

300  K 

300  K 

300  K 

Fuel 

300  K 

300  K 

- 

300  K 

- 

temperature 

N0@15%02 

9  ppm  (<£  =  0.7) 

9  ppm  (<P  =  0.7) 

2  ppm  (<Z>  =  0.7) 

12  ppm  (<Z>  =  0.7) 

1  ppm  (<P  =  0.7) 

C0@15%02 

465  ppm  (<P  =  0.7) 

250  ppm  (<P  =  0.7) 

2282  ppm  ( <P  =  0.7) 

163  ppm  ( <P  =  0.7) 

64  ppm  {<P  =  0.7) 

(18)  CDC,  Gupta  et  al.,  UMD,  2011  (19)  CDC,  Gupta  et  al.,  UMD,  2011  (20)  CDC,  Gupta  et  al.,  UMD,  2011 


Configuration  FS  FS  FS 


Thermal  intensity 

20  MW/m3-atm 

30  MW/m3-atm 

40  MW/m3-atm 

Heat  load 

25  kW 

25  kW 

25  kW 

Fuel 

Methane 

Methane 

Methane 

Pressure 

1  atm 

1  atm 

1  atm 

Air  velocity 

171  m/s 

171  m/s 

171  m/s 

Fuel  velocity 

97  m/s 

97  m/s 

97  m/s 

Air  diameter 

4.8  mm 

4.8  mm 

4.8  mm 

Fuel  diameter 

1.6  mm 

1.6  mm 

1.6  mm 

Tair  (D/U) 

0.028  ms 

0.028  ms 

0.028  ms 

Tfuel  (D/U) 

0.016  ms 

0.016  ms 

0.016  ms 

Air  temperature 

300  K 

300  K 

300  K 

Fuel  temperature 

300  K 

300  K 

300  K 

N0@15%02 

7  ppm  {<P  =  0.6) 

8  ppm  =  0.6) 

7  ppm  {0  =  0.6) 

C0@15%02 

19  ppm  {0  =  0.6) 

28  ppm  (0  =  0.6) 

48  ppm  (0  =  0.6) 
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A _ 


F 

u 

3 

F 

u 

(21)  CDC,  Gupta  et  al„  UMD,  (22)  CDC,  Gupta  et  al„ 


~5t 

F 


\J 


(23)  CDC,  Gupta  et  al., 


A+F 

-^T~ 


\J 


V 


o 

o 

o 

o 

o 

o 

o 

o 

(24)  CDC,  Gupta  et  al., 


(25)  CDC,  Gupta  et  al., 


2011  UMD,  2011  UMD,  2011  UMD,  2011  UMD,  2011 


Configuration 

RO 

RC 

RC 

RC 

RP 

Thermal 

57  MW/m3-atm 

57  MW/m3-atm 

57  MW/m3-atm 

57  MW/m3-atm 

57  MW/m3-atm 

intensity 

Heat  load 

6.25  kW 

6.25  kW 

6.25  kW 

6.25  kW 

6.25  kW 

Fuel 

Methane 

Methane 

Methane 

Methane 

Methane 

Pressure 

1  atm 

1  atm 

1  atm 

1  atm 

1  atm 

Air  velocity 

146  m/s 

146  m/s 

146  m/s 

146  m/s 

157  m/s 

Fuel  velocity 

97  m/s 

97  m/s 

97  m/s 

97  m/s 

- 

Air  diameter 

4.8  mm 

4.8  mm 

4.8  mm 

4.8  mm 

4.8  mm 

Fuel  diameter 

1.6  mm 

1.6  mm 

1.6  mm 

1.6  mm 

- 

Tair  (D/U) 

0.033  ms 

0.033  ms 

0.0338  ms 

0.033  ms 

0.031  ms 

Tfuel  (D/U) 

0.016  ms 

0.016  ms 

0.016  ms 

0.016  ms 

- 

Air 

temperature 

300  K 

300  K 

300  K 

300  K 

300  I< 

Fuel 

temperature 

300  K 

300  K 

300  K 

300  K 

N0@15%02 

9  ppm  (<P  =  0.7) 

6  ppm  {<P  =  0.7) 

3  ppm  (0  =  0.7) 

3  ppm  (0  =  0.7) 

2  ppm  =  0.7) 

C0@15%02 

202  ppm  (<2>  =  0.7) 

203  ppm  [0  =  0.7) 

131  ppm  (<2>  =  0.7) 

57  ppm  ( <P  =  0.7) 

96  ppm  (<P  =  0.7) 

Configuration 


O  o 


(26)  CDC,  Gupta  et  al.,  UMD,  2012 
RC 


A+F 


U 

®  o 

(27)  CDC,  Gupta  et  al„  UMD,  2012 
RP 


o  O 


(28)  CDC,  Gupta  et  al.,  UMD,  2012 
RC 


A+F  B 


u 

A 

3 

v 

©  o 

(29)  CDC,  Gupta  et  al.,  UMD,  2012 
RP 


Thermal  intensity 

85  MW/m3-atm 

85  MW/m3-atm 

53  MW/m3-atm 

53  MW/m3-atm 

Heat  load 

6.25  kW 

6.25  kW 

3.91  kW 

3.91  kW 

Fuel 

Methane 

Methane 

Methane 

Methane 

Pressure 

1  atm 

1  atm 

1  atm 

1  atm 

Air  velocity 

146  m/s 

157  m/s 

92  m/s 

97  m/s 

Fuel  velocity 

97  m/s 

- 

61  m/s 

- 

Air  diameter 

4.8  mm 

4.8  mm 

7.9  mm 

7.9  mm 

Fuel  diameter 

1.6  mm 

- 

1.6  mm 

- 

Tair  (D/U) 

0.033  ms 

0.031  ms 

0.086  ms 

0.082  ms 

Tfuel  (D/U) 

0.016  ms 

- 

0.016  ms 

- 

Air  temperature 

300  K 

300  K 

600  K 

600  K 

Fuel  temperature 

300  K 

- 

300  K 

- 

N0@15%02 

4  ppm  (<P  =  0.7) 

2  ppm  (0  =  0.7) 

4  ppm  ( 0  =  0.5) 

1  ppm  ( 0  =  0.5) 

C0@15%02 

115  ppm  (<Z>  =  0.7) 

65  ppm  (0  =  0.7) 

27  ppm  ( 0  =  0.5) 

34  ppm  ( 0  =  0.5) 

Pressure  loss 

- 

- 

AP<  5% 

AP<  5% 

Pressure 

Pr  ms  <  0.025% 

Pr  ms  <  0.025% 

fluctuations 
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Table  2  ( continued ) 


1.5” 


Configuration 

(30)  CDC,  Gupta  et  al.,  UMD,  2012 
RC 

(31 )  CDC,  Gupta  et  al.,  UMD,  2012 
RP 

(32)  CDC,  Gupta  et  al.,  UMD,  2013 
RC 

(33)  CDC,  Gupta  et  al.,  UMD,  2013 

RP 

Thermal  intensity 

170  MW/m3-atm 

170  MW/m3-atm 

340  MW/m3-atm 

340  MW/m3-atm 

Heat  load 

4.7  kW 

4.7  kW 

4.7  kW 

4.7  kW 

Fuel 

Methane 

Methane 

Methane 

Methane 

Pressure 

1  atm 

1  atm 

1  atm 

1  atm 

Air  velocity 

92  m/s 

98  m/s 

92  m/s 

98  m/s 

Fuel  velocity 

73  m/s 

- 

44  m/s 

- 

Air  diameter 

7.9  mm 

7.9  mm 

7.9  mm 

7.9  mm 

Fuel  diameter 

1.6  mm 

- 

2.4  mm 

- 

Tair  (D/U) 

0.086  ms 

0.081  ms 

0.086  ms 

0.081  ms 

tfiiel  (D/U) 

0.024  ms 

- 

0.054  ms 

- 

Air  temperature 

600  I< 

600  K 

600  K 

600  K 

Fuel  temperature 

300  K 

- 

300  K 

- 

N0@15%02 

8  ppm  (0  =  0.6) 

3  ppm  (0  =  0.6) 

4  ppm  (0  =  0.6) 

2  ppm  (0  =  0.6) 

C0@15%02 

81  ppm  (0  =  0.6) 

102  ppm  (0  =  0.6) 

115  ppm  (0  =  0.6) 

85  ppm  (0  =  0.6) 

UHC@15%02 

- 

- 

<10  ppm  (0  =  0.6) 

<10  ppm  (0  =  0.6) 
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